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Abstract
Spin-torque nano-oscillators (STNOs) are prospective successors of transistor-based
emitters and receivers of radio-frequency signals in commonly used remote communi-
cation systems. In comparison to the conventional electronic oscillators, STNOs offer
the advantage of being tunable over a wide range of frequencies simply by adjust-
ing the applied current, the smaller lateral size (up to 50 times) and the lower power
consumption as the lateral size of the device is reduced. It has already been demon-
strated that the output signal characteristics of STNOs are compatible with the require-
ments for applications: they can provide output powers in the µW range, frequencies
of the order of GHz, quality factors Q (equal to ∆f
f
, where f is the frequency, and
∆f is the linewidth) up to several thousands (e.g., 3 200), and can be integrated into
Phase-Locked Loop (PLL) circuits.
The most promising type of spin-torque oscillators is the hybrid geometry STNOs
utilizing an in-plane magnetized fixed layer, an out-of-plane magnetized free layer and
the MgO tunnel barrier as a spacer. This geometry maximizes the output power, since
the full parallel-to-antiparallel resistance variation can be exploited in the limit of large
magnetization precession angle (i.e., when the magnetization oscillates fully within
the plane of the STNO stack). Moreover, the considered hybrid geometry allows for
the reduction of the critical currents, enables functionality regardless of the applied
magnetic or current history and requires a simplified fabrication process in compari-
son to the opposite hybrid geometry, consisting of an in-plane magnetized free layer
and an out-of-plane reference layer, which requires an additional read-out layer. Si-
multaneously, the choice of the spacer material in considered STNOs is motivated by
the increase of both the output power (via large magnetoresistance ratios) and the power
conversion rate (Pout/Pin), compared to their fully metallic counterparts.
Despite the many advantages of MgO-based hybrid geometry STNOs, unexplained
issues related to the physics behind their principle of operation remained. In this thesis,
the main focus is put on the two key aspects related to the out-of-plane steady-state
precession in hybrid STNOs: the precession mechanism (combined with the analysis
of the influence of the bias dependence of the tunnel magnetoresistance) and the zero-
field oscillations stabilized by an in-plane shape anisotropy.
State-of-the-art theoretical studies demonstrated that stable precession in hybrid ge-
ometry STNOs can only be sustained if the in-plane component of the spin-transfer
torque (STT‖) exhibits an asymmetric dependence on the angle between the free and
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the polarizing layer (which is true for fully metallic devices, but not for the MgO-based
magnetic tunnel junctions (MTJs)). Nevertheless, recent experimental reports showed
that spin-transfer driven dynamics can also be sustained in MgO-based STNOs with
this particular configuration. In this thesis, a phenomenological and straightforward
mechanism responsible for sustaining the dynamics in considered system is suggested.
The mechanism is based on the fact that, in MgO-based MTJs, the strong cosine-type
angular dependence of the tunnel magnetoresistance, at constant applied current, trans-
lates into an angle-dependent voltage component, which results in an angle-dependent
spin-transfer torque giving a rise to the angular asymmetry of STT‖ and, thus, en-
abling steady-state precession to be sustained. Subsequently, the bias dependence of
the tunnel magnetoresistance (TMR), which has been so far neglected in similar cal-
culations, is taken into account. According to the results of analytical and numerical
studies, the TMR bias dependence brings about a gradual quenching of the dynamics at
large applied currents. The theoretical model yields trends confirming our experimen-
tal results. The most important conclusion regarding to this part of the thesis is that,
while the angular dependence of the tunnel magnetoresistance introduces an angular
asymmetry for the in-plane spin transfer torque parameter STT‖ (which helps main-
tain steady-state precession), the bias dependence of the resistance works to reduce this
asymmetry. Thus, these two mechanisms allow us to tune the asymmetry of STT‖ as
function of current and to control the dynamical response of the actual device.
Except for the precession mechanism, the thesis is also focused on the issue of
zero-field oscillations, which would be especially desirable from the point of view
of potential applications. According to the state-of-the-art theoretical studies, for hy-
brid geometry devices with circular cross-section (i.e., exhibiting no other anisotropy
terms), current-driven dynamics cannot be excited at zero applied field. Indeed, zero-
field oscillations have only been experimentally observed for systems having the free
layer magnetization slightly tilted from the normal to the plane, which has usually been
achieved by introducing an in-plane shape anisotropy. In the thesis, the influence of
the in-plane shape anisotropy of the MTJ on zero-field dynamics in the hybrid geome-
try MgO-based STNOs is analytically and numerically investigated. In agreement with
the previous reports, no zero-field dynamics for circular nano-pillars is observed; how-
ever, according to the numerical data, an additional in-plane anisotropy smaller than
the effective out-of-plane anisotropy of the free layer enables zero-field steady-state
precession. Accordingly, the lack of an in-plane anisotropy component (e.g., for circu-
lar cross-section nano-pillars), or the presence of an in-plane shape anisotropy equal or
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greater than the out-of-plane effective anisotropy, inhibits the stabilization of dynam-
ics in the free layer at zero field. The results of analytical and numerical studies and
the general trends identified in the corresponding experimental data are found to be in
excellent qualitative agreement.
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1
Introduction
1.1 Short history of magnetotransport applications
The first discovered room-temperature magnetoresistive effect, which subsequently led
to intense development in the field of magnetotransport-based sensors and storage de-
vices, was anisotropic magnetoresistance (AMR). The phenomenon was discovered by
Thomson [1] in 1857, who observed that the electrical resistivity of Fe and Ni depends
on the angle between its magnetic moment and the direction along which the electrical
current is applied. Moreover, according to the publication of McGuire et al. [2] from
1975, this phenomenon applies to transition metal films (such as Co, Fe, Ni, and their
alloys), in general. The AMR effect arises from the spin-orbit interaction experienced
by the conduction electrons in these materials [3], which induces an anisotropic mix-
ing of the conduction bands of majority and minority electrons, and is expressed by
the following formula:
ρ(θ) = ρ⊥ + (ρ‖ − ρ⊥) cos2(θ). (1.1)
Here, θ is the angle between the magnetization and the direction of the applied
current, ρ(θ) is the resistivity of the film at a given angle θ, ρ‖ and ρ⊥ are the resistivities
of the film when the current is applied parallel and perpendicular to the magnetization
(θ = 0◦ and θ = 90◦), respectively [4]. Even though this effect is relatively weak
compared to other magnetoresistance effects known nowadays (in 1975, the relative
resistance change reached only up to 3-5% measured in bulk material; currently up to
50% [5]), it attracted the attention of the microelectronics industry, and, e.g., had been
utilized as working principle for magnetoresistive heads for hard disk drives (HDDs)
from 1992 to 1998. The application of AMR in the branch of magnetic recording
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marked the beginning of the well-known trend of doubling the data storage density
each year (see Fig. 1.1).
Figure 1.1: Data storage density versus year. Note, that the scale is logarithmic. Modi-
fied from [6].
AMR-based read-heads were later replaced by devices using a different phenomenon,
namely the giant magnetoresistance (GMR). This effect is typically observed in systems
containing metallic ferromagnetic (FM) layers separated by metallic non-magnetic (NM)
spacers, and is characterized by the change of the overall resistance as a function of
the relative orientation of the magnetic moments. GMR was discovered independently
in 1988 by Grünberg et al. [7] and Fert et al. [8]. Grünberg and Fert were awarded
the Nobel Prize in Physics in 2007 "for the discovery of Giant Magnetoresistance" [9].
Phenomenologically, in trilayer GMR systems (two FM layers separated by a spacer
layer), the resistance dependence on the relative orientation of the two magnetizations
scales according to the following formula:
R(β) = RP +
1
2
(RAP −RP )(1− cos(β)). (1.2)
Here, β is the angle between the magnetizations of the FM layers, R is the overall
resistance of the trilayer, RP is the resistance of the so-called "parallel state" P (cor-
responding to the parallel alignment of magnetizations) and RAP is the resistance of
the "antiparallel state" AP (corresponding to the antiparallel alignment of magnetiza-
tions) [10]. The parameter determining the magnitude of the effect is called GMR ratio,
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and is defined as the relative change between the resistance of the P and the AP states
with respect to the resistance of the P state, usually expressed in percentage:
GMR =
RAP −RP
RP
· 100%. (1.3)
Similar to AMR systems, magnetotransport measurements of GMR multilayers
were initially conducted in the four-point probe geometry with the current flowing par-
allel to interfaces of the layers ("current-in-plane" (CIP) geometry). The first giant
magnetoresistance ratios for CIP geometry were reported as 3% at room temperature
by Grünberg et al. [7] in Fe/Cr/Fe trilayers, and 50% at low temperature (4.2 K) by
Fert et al. [8] in (001)Fe/(001)Cr multilayers. The highest reported GMR-CIP ratio
(110% [11]) is about twice larger than state-of-the-art AMR (i.e., 50% [5]).
The CIP geometry was later replaced by the "current-perpendicular-to-plane" (CPP)
configuration, introduced by Pratt et al. [12] in 1991. They demonstrated that 3 up to 10
times higher magnetoresistance ratios can be achieved in Ag/Co multilayers simply by
changing the measurement geometry from CIP to CPP. From the point of view of ap-
plications, utilizing CPP-GMR in magnetic read-heads allows for achieving increased
spatial resolution (submicron), narrower read gaps, larger signal amplitudes (due to
higher GMR ratio), and better heat-evacuation enabling an increase of the operation
current (thus also of the signal-to-noise ratio). Moreover, for GMR multilayers, reduc-
ing the lateral size of the device increases the overall resistance up to 10-30 Ω, resulting
in better matching to the nominal impedance of electrical circuits (50 Ω).
Moreover, in 1991, Dieny et al. [13] suggested constraining the magnetization of
one of the FM layers in the trilayer GMR system (Ni80Fe20/Cu/Ni80Fe20) to a fixed
direction via exchanged coupling to an antiferromagnetic layer (in this case, Fe50Mn50),
thus remaining the coupled FM layer unaffected by the external field [13] (see a scheme
of MTJ in Fig. 3.1). The introduction of such "spin-valve" multilayer led to the first
commercialization of CPP-GMR heads for hard disk drives by IBM in 1998.
The theoretical framework explaining CPP-GMR was provided by Valet and Fert in
1993 [14]. They proposed a model based on the Boltzmann approach, which assumes
that the minority and majority electrons of the FM layers flow through two independent
conduction channels (in agreement with the Mott’s "two-current model" [15]). In these
channels, electrical currents are carried in series, while the interfaces of the multilayer
are considered as spin-dependent resistors (see Fig. 1.2). This approximation is valid
only if FM layers are thinner than the so-called "spin-diffusion length", resulting in
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negligible spin-flip scattering.
Figure 1.2: Two-current model in GMR structures for the parallel state (a) and the an-
tiparallel state (b), and corresponding schematic circuits (below). Interfaces are consid-
ered as spin-dependent resistors with low resistivities for majority electrons (spin-up)
and high resistivities for minoroty (spin-down) electrons.
In parallel with the evolution of the GMR concept, there was also an interest in
similar multilayer structures having the metallic spacer between the magnetic layers re-
placed by a tunnel barrier (i.e., an insulating layer). Such multilayers are called "mag-
netic tunnel junctions" (MTJs), and the equivalent effect to GMR in these structures is
known as tunnel magnetoresistance (TMR). Similarly to GMR multilayers, the magni-
tude of TMR effect is described by the TMR ratio:
TMR =
RAP −RP
RP
· 100%. (1.4)
The characteristic dependence of the TMR on the angle between magnetizations in
FM layers follows the formula 1.2, suggested for GMR structures by Dieny et al. [10].
The first experimental work and phenomenological interpretation of tunneling be-
tween two ferromagnetic layers was carried out by Jullière and collaborators in 1975 [16].
They measured TMR ratios as high as 14% at low temperature (4.2 K) in Fe/Ge/Co
trilayers. However, the effect seemed to be far too weak to be relevant for potential ap-
plications until 1995, when the group of Miyazaki and Tezuka reported TMR ratios of
18% at room temperature (RT), and 30% at 4.2 K, in Fe/Al2O3/Fe tunnel junctions [17].
Similar results were independently obtained by Moodera et al. [18]. It actually took 25
years from the first low temperature TMR experiments, performed by Jullière [16], un-
til the interest of the scientific community shifted towards their potential applications
in the microelectronics industry. In 2001, the groups of Mathon et al. [19] and Butler
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et al. [20] independently predicted that "giant" TMR ratios of more than 1 000% can
be achieved in crystalline (001)Fe/(001)MgO/(001)Fe tunnel junctions due to coherent
tunneling between the two Fe electrodes. Indeed, the close matching between the band
structures of the Fe layers and the MgO barrier enables very efficient coherent tunneling
of conduction electrons for the case when the two magnetic layers have their magnetic
moments oriented parallel to each other, while simultaneously closing the main tunnel-
ing channel for the antiparallel state. These theoretical predictions were confirmed in
2004, when Yuasa et al. [21] and Parkin et al. [22] independently reported TMR ratios
of around 200% in Fe/MgO/Fe MTJs. Material development in this field led to further
increase of the magnetoresistance ratio in MgO-based MTJs. To-date, the record TMR
ratio for single barrier MTJs at room temperature is 604%, as reported by Ikeda and
collaborators [23] in 2008.
Figure 1.3: History of GMR and TMR in terms of values of magnetoresistance ratio
(gray boxes), and device applications (empty boxes). Solid boxes show commercialized
applications, while dotted boxes refer to perspective applications. Modified from [24].
From the point of view of potential applications, a second major challenge was to
increase the breakdown voltage of the barriers, while simultaneously maintaining resis-
tance area product as low as possible, to improve the impedance matching with the rest
of the microelectronic circuits. From this point of view, the best demonstrated values
are obtained in MTJs with barriers of about 1 nm, which exhibit breakdown voltages of
about 1 V for associated resistance area products of the order of 1 Ωµm2 [25].
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The first commercial MgO-based TMR read-head, combined with a perpendicular
magnetic recording was produced by Seagate Technology in 2006 [26], demonstrat-
ing 3 times higher sensitivity, longer lifetime, better bit error rate compared to state-
of-the-art GMR-based read-heads, and a maximum areal storage density of around
300 GBit/in2. One year later, Fujitsu Corporation commercialized TMR read-heads for
ultrahigh recording density of 500 GBit/in2 (nowadays, exceeding 1 000 GBit/in2 [27]).
The discovery of the AMR, GMR and TMR effects led not only to a dramatic in-
crease in magnetic storage density as consequence of the associated improvements in
read-head technology, but also acted as a driving force for the design and development
of new electronic devices, intended to be used in other commercial applications, as
summarized in Fig. 1.3.
1.2 Spin-transfer torque induced effects and devices
An electrical current passing through a ferromagnetic material gains spin polarization,
i.e. the magnetic moments (spins) of the majority of the electrons carrying the current
become aligned with the local magnetization direction, defined, in the first approxi-
mation, by the orientation of the magnetic moment of the layer. This collective spin-
angular momentum carried by the polarized current can be then transferred to the mag-
netic moment of a second magnetic layer, thereby generating a torque on its magne-
tization known as "spin-transfer torque" (STT) [28, 29]. In 1996, Slonczewski [28]
and Berger [29] predicted that spin-transfer torques may be strong enough to switch
the magnetization direction of one of the ferromagnetic layers, without the need of
an external magnetic field. Furthermore, Slonczewski [28] suggested that passing a di-
rect current (DC) through a magnetic multilayer can also induce steady-state preces-
sion of the magnetization in at least one of the ferromagnetic layers. Both effects have
subsequently been demonstrated: current-induced magnetization switching was first
experimentally observed in GMR structures, as reported by Tsoi et al. [30], Myers
et al. [31] and Katine et al. [32], and the presence of steady-state precession under ap-
plied DC currents was experimentally confirmed in 2003 in in-plane magnetized GMR
nano-pillars by Kiselev et al. [33].
STT-driven phenomena have been intensely studied during the last two decades
due to their potential for enabling new Information-Communication technology appli-
cations. Their two main commercial applications are: magnetic random access mem-
ory (MRAM) using STT-induced magnetization switching as the writing method [34–
1.2 Spin-transfer torque induced effects and devices 7
37] (see panel "Memory" in Fig. 1.3), and radio-frequency (RF) oscillators for wire-
less communication based on current-driven magnetization dynamics [38, 39]. Other
suggested applications include magnetic-field sensors [40, 41], microwave source for
energy-assisted magnetic recording [42], and random number generators [43]. All of
these applications are based on multilayer stack structures largely similar to that of
HDD read-heads, including one fixed/reference layer and one free/active layer sepa-
rated by insulating spacer.
Figure 1.4: Writing process in memory cells of first generation field-written MRAM
(a) and in STT-MRAM (b) devices. In field-written MRAM (a), the magnetization of
the free FM layer is switched by a combination of Oersted fields generated by passing
a current thought the "Bit" and the "Word" lines (shown in (c)). In STT-MRAM (b),
the free layer magnetization is switched via spin-transfer torques (shown in (d)), mak-
ing the read and write geometries equivalent. The additional "Word" line is thus not
required for STT-MRAM reducing the cell area and power consumption of the entire
device. (a) and (b) are reproduced from [44].
Magnetic tunnel junctions can be used as memory cells for storing information,
if the "0" or "1" states of the memory bit are assigned to the low and the high resis-
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tance state of the MTJ, respectively (typically corresponding to RP and RAP ). The first
generation of MRAM devices were based on in-plane magnetized MTJs and locally
generated Oersted field in order to switch the magnetization of the free layer, i.e. to
"write" the information on the memory bit (see Fig. 1.4(a) and (c)). Consequently, such
devices were prone to addressing errors, since magnetic fields are difficult to be con-
fined in space, and nanoscale devices are very sensitive to device-to-device variations
(see Fig. 1.5(a)). Since STT-MRAM uses CPP currents thought the multilayer as writ-
ing method (Fig. 1.4(b) and (d)), such devices are intrinsically addressing error-free
(see Fig. 1.5(b)). Moreover, in contrast with field-driven MRAM, the current densi-
ties required for switching in STT-MRAM devices scale down as the lateral size of
the device scales down, leading to a significant reduction of the power consumption of
the device. Therefore, STT-MRAM allows for higher storage density and lower power
consumption than field-induced MRAM.
The first MgO-MTJ-based STT-MRAM started to be commercialized by Everspin
Technologies [44] in 2012. Nevertheless, the to-date commercialization of STT-MRAM
remains too expensive for stand-alone memories, since 1 GB of STT-MRAM is es-
timated to cost 50 times more than the transistor-based NAND-Flash memory [45].
More recently, the focus of the microelectronics industry has shifted towards using
STT-MRAMs as embedded memory devices [46].
Figure 1.5: Writing process in Cross-Point arrays of the field-written MRAM (a), and
the STT-MRAM (b). During the writing process in the STT-MRAM, the writing current
(IDC) flows through a single MTJ (b). In the Toggle-MRAM, writing currents flow
through the entire "Bit" line (I(1)DC) and the "Word" line (I
(2)
DC), which may result in
accidental unintended magnetization switching of other cells due to device-to-device
variation in coercivity. Reproduced from [47].
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As previously mentioned, the second main applications of STT-driven phenom-
ena are current-driven oscillators for RF wireless communication devices [38, 39, 48].
The operation principle is based on the fact that the steady-state precession of the mag-
netization of the free layer generates a time-variable resistance across the magnetic
multilayer, since the angle between the magnetic moments of the free and the refer-
ence layers periodically changes as the magnetization of the free layer moves along its
precession trajectory, thus emitting radio-frequency radiation (as shown in Fig. 1.6).
Figure 1.6: The principle of microwave generation in spin-torque nano-oscillators.
Steady-state precession implies that the magnetization of the free layer is moving pe-
riodically along a given precession trajectory leading to an oscillating angle between
magnetic moments of the two layers and thus oscillating TMR across the stack.
Figure 1.7: Frequency spectra measured for different DC currents passing through point
contact CoFe/Cu/NiFe devices at an in-plane magnetic field of µ0H = 0.1 T (as shown
in Fig. 1.6). The output signal frequency is in the GHz range and can be tuned with
the applied current. Modified from [49].
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Steady-state magnetization dynamics induced by DC currents were observed for the
first time in metallic nano-pillars by Kiselev et al. [33] in 2003, and in point-contact
GMR devices by Rippard et al. [49] one year later (see Fig. 1.7). Steady-state preces-
sion induced by DC currents was first reported in MTJs with Al2O3 tunnel barriers by
Petit et al. [50] in 2007, and in MgO-based MTJs by Deac et al. [51] in 2008. Spin-
torque nano-oscillators (STNOs) are currently under intense investigations for their
potential applications as low input power RF transmitters and receivers for wireless
telecommunications devices, but also as mixers, phase shifters, etc [38, 39]. In compar-
ison to conventional transistor-based electronic oscillators, STNOs offer the advantage
of being tunable over a wide range of frequencies simply by adjusting the applied cur-
rent [33, 49]. In addition, their lateral size can be up to 50 times smaller (including
packaging) and their power consumption scales down as the lateral size of the device
is reduced [38, 39, 48, 52, 53]. It has already been demonstrated that the output signal
characteristics of STNO are compatible with the requirements for applications: they
can provide output powers in the µW range [51, 54, 55], frequencies of the order of
GHz [33, 38, 39, 48, 49, 53], quality factors Q (Q = ∆f
f
, where f is the frequency, and
∆f is the linewidth) up to several thousands (e.g., 3 200 [54, 56]), and can be integrated
into Phase-Locked Loop (PLL) circuits [57].
1.3 Goals of the thesis
Initial studies of STNOs were focused on spin-transfer driven dynamics in fully metal-
lic systems with both the free and the reference layers magnetized in-plane [33] (see
Fig. 1.8(d)). In this configuration, under application-desirable conditions (i.e., close to
zero applied field), steady-state precession occurs mainly on elliptical or clam-shell tra-
jectories centered on the direction defined by the in-plane (IP) shape anisotropy. Con-
sequently, only a fraction of the full MR amplitude is converted into radio-frequency
output power. However, it has recently been demonstrated that STNOs utilizing an in-
plane magnetized fixed layer and an out-of-plane (OOP) magnetized free layer (see
Fig. 1.8(e)) allow for the full parallel-to-antiparallel resistance variation to be exploited
in the limit of 90◦ precession angle [52]. Therefore, this geometry is the geometry of
choice when looking for maximizing the output power of the device, in particular when
coupled with the giant TMR of MgO-based MTJs [52, 53, 55, 58]. This configuration
also helps to reduce the critical currents [59], and can provide functionality regardless
of the applied magnetic or current history [52, 55]. Moreover, since the IP reference
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layer also acts as a read-out layer, the overall number of layers is reduced, thus sim-
plifying the fabrication process in comparison with the hybrid geometry proposed by
Houssameddine et al. [60], which includes an OOP polarizer and an IP free layer and
requires a third, reference IP layer for the read-out (see Fig. 1.8(f)).
Figure 1.8: Different geometries of magnetoresistive trilayer structures (GMR/TMR)
with respect to the patterned geometry ((a), (b) and (c)) and the magnetic configuration
((d), (e) and (f)); (a) nano-pillar with fully etched magnetoresistive stack, (b) point-
contact with extended GMR/TMR multilayer, (c) sombrero-shaped point-contact with
partly etched capping layer [54], (d) fully in-plane magnetoresistive device, (e) hybrid
geometry magnetoresistive device combining an OOP magnetized free layer and an IP
fixed/reference layer, (f) hybrid geometry magnetoresistive device combining an IP
magnetized free layer, an OOP fixed layer, and an additional IP read-out layer [60].
The current flows in the point-contact and the sombrero-shaped point-contact geome-
tries are marked with the red and the blue arrows, where the red arrows represent
the shunt current.
Since the magnitude of the RF output voltage is proportional to the MR ratio, state-
of-the-art devices exploiting MgO-based MTJs [21, 22] have been shown to exhibit
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output powers several orders of magnitude higher than their fully metallic GMR pre-
decessors (as high as µW [51, 54] for MTJ STNOs, versus a few nW [52] for GMR
oscillators). TMR devices further benefit from lower operational current density, of the
order of 1 MA/cm2 [41, 53, 61], i.e. one order of magnitude lower than compared to
the case of metallic spin-valves [33, 52].
In comparison to metallic systems, tunnel junctions have also considerably better
power conversion rates Pout/Pin, where Pout and Pin are the output and the input power,
respectively. Typically, a metallic STNO nano-pillar with a lateral size of 100 nm ex-
hibits a resistance and magnetoresistance ratio of the order of 10 Ω and 5% respec-
tively, and requires driving currents of the order of 10 mA. Given that the measured
output power is around 1 nW, this yields Pout/Pin of the order of 10−6. In contrast,
an MgO-based MTJ nano-pillar with a similar cross-section has a resistance of the or-
der of 100 Ω, can have magnetoresistance ratios about two orders of magnitude larger
than metallic stack and provides output powers around 1µW, thus yielding four orders
of magnitude improvement in Pout/Pin when compared to a GMR device.
Although STNOs based on MgO-MTJ nano-pillars (Fig. 1.8(a)) exhibit the highest
output power to-date, their output signal quality factor Q remains well below 100 [39,
51, 53], similar to the metallic counterparts [33]. This constitutes a major obstacle
for the potential commercialization of spin-torque oscillators. Indeed, in nano-pillars,
the spatial confinement of the magnetic layers leads to spatial inhomogeneities in the
local field of the free layer, caused mainly by the fact that the local demagnetizing field
is not homogeneous. In addition, the magnetostatic coupling fields between the mag-
netic layers of the stack are also spatially inhomogeneous and so is the Oersted field
generated by the applied current. Fabrication-induced edge defects contribute as well.
It has been demonstrated that the presence of inhomogeneities in the local field distri-
bution leads to incoherent dynamics, causing a considerable broadening of the output
signal at low applied currents, and even to chaotic dynamics and large low frequency
noise (1/f ) at high electrical bias [62]. In contrast, quality factors up to 10 000 have
been reported in metallic point-contact STNOs (Fig. 1.8(b)), which benefit from a much
more homogeneous local field distribution in the free layer [49]. While strictly speaking
a point-contact STNO similar to the metallic devices cannot be designed, considerable
improvements in the quality factor of a MgO-based device were demonstrated using
the so-called sombrero-shaped point-contact geometry [54, 56]. In the sombrero geom-
etry (shown in Fig. 1.8(c)), the capping layer protecting the free layer is partly etched,
enabling reduction of the shunt current passing through this layer, significantly increas-
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ing the MR ratios (46% compared to 3% for the conventional point-contact geometry
shown in Fig. 1.8(b)), and allows for output signals with quality factors up to 3 200 [56]
to be generated, high enough to be compatible with applications.
Concerning the hybrid geometry described above, previous studies demonstrated
that stable precession can only be sustained if the in-plane component of the spin-
transfer torque exhibits an asymmetric dependence on the angle between the free and
the polarizing layer. This is known to be true for fully metallic devices, where for
constant applied currents the torque exhibits strong angular asymmetry due to complex
spin accumulation effects at the interfaces [63]. Such effects are, however, not expected
to play a significant role for coherent tunneling [64]. Nevertheless, recent experimental
reports showed that spin-transfer driven dynamics can also be sustained in MgO-based
MTJs with this particular configuration [51, 53–55, 61]. These results have so far been
interpreted based on the formalism strictly speaking valid only for metallic devices.
In terms of potential applications, it is desirable that STNOs function without re-
quiring an external magnetic field. However, for hybrid geometry devices with circu-
lar cross-section (i.e., exhibiting no other anisotropy terms), current-driven dynamics
cannot be excited at zero applied field [58, 65]. It has recently been suggested that
the perpendicular (field-like) component of the STT may bring about the stabilization of
the dynamics at zero field [66, 67]. It was also proposed to stabilize zero-field dynamics
in the hybrid geometry STNO by applying a small in-plane field along the direction of
the polarizer, which pushes the free layer magnetization towards in-plane direction [68].
Indeed, zero-field oscillations have only been experimentally observed for systems hav-
ing the free layer magnetization slightly tilted from the normal to the plane, which has
usually been achieved by introducing an in-plane shape anisotropy [33, 53, 61].
The study of spin-transfer-driven dynamics in MgO-based magnetic tunnel junc-
tions with in-plane magnetized reference layer and perpendicular-to-plane free layer is
the focus of this thesis. Specifically, the two different issues are experimentally and
theoretically investigated: identifying the mechanisms enabling steady-state precession
for this geometry and analyzing the influence of an additional in-plane shape anisotropy
term on stabilizing zero-field dynamics.
The thesis is organized as follows. Chapter 2 presents an overview of the state-
of-the-art. Chapter 3 presents an experimental study on MgO-based MTJs with dif-
ferent in-plane aspect ratios, i.e. different shape anisotropies. In particular, there is
found a characteristic feature of the current-field diagram of MTJ-STNOs with this ge-
ometry is that the critical lines making the borders of the regions where steady-state
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precession is excited exhibit a curvature not observed for metallic structures. Chap-
ter 4 shows that this is a signature of bias voltage dependence in magnetic tunnel junc-
tions. Chapter 4 also describes the theoretical framework used for explaining the ex-
perimental results and identifying desirable parameter range for zero-field oscillations.
Specifically, it is theoretically predicted that the angular dependence of the tunnel mag-
netoresistance effectively induces an asymmetric angular dependence of the in-plane
spin-transfer torque large enough to sustain steady-state precession in hybrid geometry
MgO-based STNOs (section 4.1). Moreover, according to presented numerical results,
the additional in-plane shape anisotropy has to be smaller than the effective out-of-
plane anisotropy of the free layer in order to enable zero-field steady-state precession.
Accordingly, the lack of the IP anisotropy component (e.g., for circular cross-section
nano-pillars) or the IP anisotropy equal or greater than the OOP effective anisotropy
inhibits stabilization of dynamics in the free layer at zero field. The theoretical model
(section 4.2) and the general trends identified in the corresponding experimental data
(chapter 3) are found to be in excellent qualitative agreement. Chapter 5 summarizes
the main conclusions of the thesis.
2
Fundamentals
2.1 Electronic transport in single transition metal lay-
ers
Electrical transport in normal metals mostly depends on the density of states of the con-
duction electrons at the Fermi energy level EF ; namely, a large density of states at EF
translates into a high conductivity of the material. In ferromagnetic transition metals,
such as Fe, Ni, Co, and their alloys, the highest partially filled energy bands are filled
by electrons from the 3d and 4s orbitals. These bands are overlapping at the region
of the Fermi energy EF (see Fig. 2.1(a)), and both of them contribute to the overall
conductivity of the material. On the other hand, due to strong ferromagnetic exchange
interaction, which energetically favours parallel spin alignment within a single sub-
shell (following Hund’s rule), these energy bands spontaneously split into subbands
of oppositely oriented spins, the "spin-up" (↑) / majority electron band and "spin-down"
(↓) / minority electron band (Fig. 2.1(b)), thereby simultaneously reducing the exchange
energy of the system. The majority electrons have their spins oriented parallel to the lo-
cal moment, while the spins of the minority electrons are antiparallel to the magnetiza-
tion of the material.
Electrons from the wide 4s band, where the exchange splitting is negligible, con-
tribute only to the electrical conductivity of the material, while the significant exchange
splitting of 3d electron band makes the 3d electrons responsible for the magnetic prop-
erties of the metal (namely, the spin orientation of the majority electrons determines
the direction of the magnetization of the material). Moreover, since 4s electrons are
much more delocalized compared to 3d electrons (the 4s shell is the least bound to
the atomic nucleus), we can assume, in the first approximation, that the 4s subbands are
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entirely responsible for carrying the current. Thus, the overall conductivities of spin-up
and spin-down 4s electrons depend not only on densities of states of 4s subbands at EF ,
but also on the scattering probabilities of delocalized 4s electrons into more localized
3d electrons. Consequently, the electrical resistivity of the majority electrons is lower
compared to that of minority electrons, due to a much higher scattering probability for
minority carriers, which have a larger number of available 3d states to be scattered into
(see Fig. 2.1(b)).
Figure 2.1: Schematic density of states in transition metals for 3d and 4s conduction
bands with (a) and without (b) exchange interaction. In order to lower the exchange en-
ergy of the system, the 3d band is exchange split into two subbands of majority ("spin-
up") and minority ("spin-down") electrons (b), giving a rise to the magnetic properties
of the material. Since the splitting of 4s band is negligibly small, electrons from this
band do not define the magnetic properties of the material, but strongly influence its
conductivity.
According to the "two-current model", suggested by Mott [15], in a ferromagnetic
material, the current is carried in parallel and independently through the two spin chan-
nels. The conductivity of each spin channel is proportional to the number of majority
or minority electrons at the Fermi level (D↑(EF ) and D↓(EF ), respectively). The total
electrical conductivity σ of the ferromagnetic material is the sum of the conductivities
of the two types of carriers [69]:
σ = σ↑ + σ↓, (2.1)
where σ↑ and σ↓ are conductivities of majority and minority electrons, respectively.
As previously mentioned, in the transition metals, most of the current is carried by
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the majority electrons (i.e., σ↑ > σ↓). Note that Mott’s model is valid only under the as-
sumption that during scattering events the electron spin is conserved (i.e., in an absence
of spin mixing between these two independent conduction channels).
2.2 Tunnel magnetoresistance (TMR)
2.2.1 Electronic transport in magnetic tunnel junctions
In 1975, Jullière and collaborators [16] published the first experimental work and phe-
nomenological interpretation of spin-dependent tunneling between ferromagnetic tran-
sition metal layers. They observed tunnel magnetoresistance in Fe/Ge/Co tunnel junc-
tions and defined the magnitude of this effect as the relative conductance variation
between the parallel and the antiparallel states of the ferromagnetic layers, normalized
by the conduction of the AP state [16]:
TMR =
∆G
GAP
=
GP −GAP
GAP
. (2.2)
Here, GP is the conductance of the parallel state and GAP is the conductance of
the antiparallel state. Currently, the most commonly used definition of the TMR ratio
(eq. 1.4) is based on resistance, not conductivity, and thus can be re-written as follows:
TMR = GP−GAP
GAP
= RAP−RP
RP
.
According to Jullière’s model (Fig. 2.2), the tunneling probability of conduction
electrons in MTJs depends on the overall number of majority and minority electrons at
the Fermi energy level, both in the first and the second ferromagnetic layer. In magnetic
tunnel junctions where both FM electrodes are transition metals, the majority (minor-
ity) electrons in FM2 are also majority (minority) in FM1 if the magnetic moments of
the two layers are oriented parallel to each other; on the contrary, majority electrons
in FM2 become minority in FM1, and vice versa, if the two magnetic moments are
antiparallel. This implies that in the AP state the majority electrons coming from FM2
have a lower probability of transmission into FM1 due to the fact that the minority
electrons in FM1 have fewer states available at the Fermi level.
Taking into account density of states at the Fermi energy for majority electrons (D↑)
and minority electrons (D↓) in FM1 and FM2, the conductance of MTJ is defined as:
GP ∝ DFM1↑ DFM2↑ +DFM1↓ DFM2↓ , (2.3)
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Figure 2.2: TMR effect in magnetic tunnel junctions containing two ferromagnetic
layers, FM1 and FM2, separated with the tunnel barrier: (a) in the parallel state, and
(b) in the antiparallel state. The top panel shows schemes of MTJs in the two states
with the electrons flow from FM2 to FM1. The lower panel shows tunneling between
the two layers with the electrons conserving their spins.
GAP ∝ DFM1↑ DFM2↓ +DFM1↓ DFM2↑ , (2.4)
Combining 2.2 and the definition of Jullière (2.3 and 2.4), the TMR can be defined
as:
TMR =
GP −GAP
GAP
=
DFM1↑ D
FM2
↑ +D
FM1
↓ D
FM2
↓ − (DFM1↑ DFM2↓ +DFM1↓ DFM2↑ )
DFM1↑ D
FM2
↓ +D
FM1
↓ D
FM2
↑
,
(2.5)
and subsequently
TMR =
(DFM1↑ −DFM1↓ )(DFM2↑ −DFM2↓ )
DFM1↑ D
FM2
↓ +D
FM1
↓ D
FM2
↑
. (2.6)
Taking into account Jullière’s definition of the spin polarization of the ferromagnet:
p =
DFM1↑ −DFM2↓
DFM1↑ +D
FM2
↓
. (2.7)
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The TMR can thus be re-written as following:
TMR =
2pFM1pFM2
1− pFM1pFM2
=
RAP −RP
RP
, (2.8)
where pFM1 and pFM2 are spin polarizations of two ferromagnetic layers, expressed
as the fraction of electrons which are becoming spin-polarized while flowing through
each ferromagnet. For a symmetric MTJ, where both FM layers are identical (i.e.,
pFM1 = pFM2 = pFM ), the spin polarization can be calculated directly from the resis-
tance of the P and the AP states:
pFM =
√
RAP −RP
RAP +RP
. (2.9)
According to Jullière’s simple phenomenological model, the TMR magnitude should
then entirely depend on the spin polarization of the ferromagnetic electrodes (see eq. 2.8).
However, in reality, there are many more factors influencing the TMR value (these will
be discussed in section 2.2.2).
2.2.2 Tunnel magnetoresistance versus structural properties of the
multilayer
The TMR ratio, which expresses the relative resistance change between the P and
the AP states of the junction (eq. 1.4), is one of the most important parameters for
characterizing magnetic tunnel junctions. From the point of view of applications, in-
creasing the TMR ratio remains an important practical issue, since its magnitude de-
fines: the signal-to-noise ratio of the device and, implicitly, the sensitivity of HDD
read-heads [26] and/or other field sensors [40, 41], the output power of spin-torque
nano-oscillators (see section 4.1), as well as the bit error ratio for MRAM devices [26].
According to the simplified theory of Jullière (see eq. 2.5), the TMR ratio depends
only on the spin polarization of the two ferromagnetic electrodes (eq. 2.8). This model
provides a good approximation for explaining TMR in magnetic tunnel junctions where
incoherent tunneling occurs, like, for instance, Al2O3-based systems [18]. In reality,
there are also other intrinsic factors affecting the TMR ratio, such as the crystallo-
graphic orientation of individual layers or the thickness, quality, and the specific ma-
terial used as tunnel barrier and/or ferromagnetic electrodes. The influence of these
factors on the TMR will be discussed in the next paragraphs. This section also ad-
dresses the impact of some extrinsic factors (such as: the temperature, the bias volt-
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age, and the angle between magnetic moments of the two electrodes), which influence
the tunnel magnetoresistance ratio.
2.2.2.1 Tunneling process
As previously mentioned, the highest TMR ratios (above 1 000%) were theoretically
predicted for crystalline (001)Fe/(001)MgO/(001)Fe tunnel junctions [19, 20]. The main
reason of such a high TMR ratio is a low lattice mismatch of around 3%, being small
enough to be totally absorbed by formation of dislocations at the MgO-Fe interface
and/or by a lattice distortion in these two layers [70]. However, to-date, the high-
est experimentally measured TMR ratio for single barrier MTJs at room temperature
(604% [23]), was reported for (001)CoFeB/(001)MgO/(001)CoFeB-based tunnel junc-
tions. In order to obtain such multilayers, the fcc (001)MgO barrier is grown on
an amorphous CoFeB layer (e.g., Co40Fe40B20). Postannealing of the system brings
about a partial diffusion of B atoms away from the FM layers and the crystallization
of CoFeB into a bcc (001) structure [71–74]. The (001)MgO-(001)CoFeB system is
characterized by a very good lattice matching, which enables the MgO layer to act as
a template for the recrystallization of the CoFeB layers during the annealing process.
Indeed, the close matching between the band structures of the Fe layers and the MgO
barrier enables coherent tunneling between the two Fe electrodes, which provides an ef-
ficient tunneling for the parallel state of the junction and closes the main tunneling
channel for the antiparallel state. Fig. 2.3 shows the tunneling density of states through
(100)Fe/(100)MgO/(100)Fe layers for majority and minority electrons in the P and
the AP states [20]. In the parallel configuration (upper panel), majority electrons from
slowly decaying ∆1 Bloch states can efficiently tunnel through the barrier (Fig. 2.3(a)),
while ∆5 and ∆2′ states practically do not contribute to the tunneling process (note
the logarithmic scales of the density of states in Fig. 2.3). Indeed, the probability of
tunneling is 10 orders of magnitude lower for minority electrons than for majority elec-
trons, due to the lack of corresponding ∆1 Bloch states in the barrier (Fig. 2.3(b)). It
is worth noting, that the MgO layer should not be too thick (usually below 2-3 nm), in
order to limit the decay of electron states within the barrier.
In the AP state, majority electrons in the ∆1 state do not meet corresponding states
on the other side of the barrier, and become minority there (Fig. 2.3(c)), which results
in a continuous decay of the density of states for these electrons. Due to the short de-
cay length of the ∆5 and ∆2′ Bloch states (as well as ∆2 for minority electrons, see
Fig. 2.3(d)), electrons from these bands are not able to efficiently tunnel to the sec-
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Figure 2.3: Tunneling density of states for (100)Fe/(100)MgO/(100)Fe magnetic tunnel
junctions: for majority (a) and minority (b) spins in the parallel state, and for majority
(c) and minority (d) spins in the antiparallel state. Taken from [20].
ond ferromagnetic layer. This phenomenon is regarded as a reflection of electrons at
the barrier at the AP configuration, while for the P state there is a large probability of
the electron transmission corresponding to significantly lower resistance of the junc-
tion.
The schematic image of the tunneling mechanism between Fe(001) layers through
the crystalline MgO(001) barrier is also presented in Fig. 2.4(b). Electrons from ∆1
Bloch states (i.e., spd hybridized states; see a scheme of spherical orbital in Fig. 2.4(b)),
characterized by a strong positive spin polarization p close to the Fermi energy EF ,
have the largest tunneling probability. The ∆2′ and ∆5 states (corresponding to d and p
states, respectively; see X-shape and dumbbell-shape orbitals in Fig. 2.4(b)) have much
weaker and often negative spin polarization (p < 0), and contribute less to the tunneling
process. The large tunneling efficiency of highly polarized ∆1 electrons in the P state
goes along with a very low tunneling probability for the AP state, when there are no
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Figure 2.4: Tunneling of conduction electrons through: (a) an amorphous Al-O barrier,
and (b) a crystalline MgO(001) barrier in magnetic tunnel junctions. Taken from [70].
available energy states for the same sort of spin on the other side of the barrier.
In the case of amorphous barriers (Fig. 2.4(a)), where tunneling is incoherent,
the tunneling probabilities for electrons from all Bloch states with are equal. These
electron states can couple with evanescent states in the tunnel barrier, resulting in
a given overall tunneling probability. Consequently, the TMR ratios are much larger in
MTJs with the crystalline MgO(001). In other words, since in case of amorphous bar-
riers tunneling probabilities of electrons from all Bloch states at EF are equal, the tun-
neling process can be described by the Jullière’s model (see section 2.2.1). This is,
however, not the case for the crystalline MgO(001) barrier, for which tunneling proba-
bility depends on the symmetry of the Bloch state of the conduction electron.
2.2.2.2 Ferromagnetic electrodes
As mentioned in the previous section (2.2.2.1), nowadays, the most popular material
for the electrodes in tunnel junctions is CoFeB. CoFeB can have a spin polarization as
high as 65%, considerably larger than the polarizations of individual layers of Co or Fe
(43%-45%) [75]. However, the highest spin polarization is expected for the so-called
"half-metals", where only the electrons of one spin band occupy the Fermi energy level
(see Fig. 2.5(a)), meaning that the spin polarization of such half-metals could, in theory,
reach 100%. Consequently, MTJs with half-metallic electrodes should exhibit infinitely
large TMR.
One such half-metallic ferromagnet utilized in MTJs is La1−xSrxMnO3 (LSMO) [76–
82]. To-date, the highest TMR ratio was reported by Bowen et al. [81] in LSMO/SrTiO3/
LSMO MTJs, and is equal to 1 850% at 4.2 K, corresponding to a LSMO spin polar-
ization close to 95%. The main reason of LSMO-based systems not being a system of
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choice is a rapid drop of the TMR with increasing temperature; for instance, accord-
ing to the experimental data of Bowen et al. [81], the TMR ratio disappears already at
270 K [81].
Figure 2.5: Electronic band structures in MTJ based on a half-metal layer and a transi-
tion metal layer: (a) generalized case, (b) LSMO/STO/Co-based tunnel junction (mod-
ified from [78]). High conductivities occur for the P state in (a) and for the AP state in
(b), which corresponds to very high positive and negative TMR values, respectively.
LSMO-based magnetic tunnel junctions can also exhibit negative TMR ratios. For
instance, De Teresa et al. [78, 79] reported negative TMR ratios in LSMO-based MTJs
where one of the LSMO electrodes was replaced with a transition metal, like Co.
The band structure of the LSMO/barrier/Co tunnel junction is presented in Fig. 2.5(b).
Electrons flowing through the LSMO gain a spin polarization close to 100%, yielding
extremely high TMR ratios. The utilization of SrTiO3 (STO) as a barrier results in
predominant tunneling of the electrons from the 3d band. Since electrons at the Fermi
energy level occupy only the majority band in LSMO and, mostly, the minority band
in Co, the highest conductivity occurs for the antiparallel configuration (when minor-
ity carriers become majority ones in Co layer). Consequently, according to eq. 1.4,
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the TMR ratio changes its sign from positive to negative. A more detailed explanation
will be presented in section 2.2.2.3.
2.2.2.3 Barrier-ferromagnet interface
As mentioned in section 2.2.2.1, currently, the system of choice for spintronic devices
are crystalline (001)CoFe/(001)MgO/(001)CoFe MTJs. In order to obtain high quality
multilayers, bcc (001)MgO barriers are grown on amorphous layers of CoFeB, which
play the role of the bottom FM electrode in the final tunnel junction. Then, another layer
of amorphous CoFeB (the top FM electrode) is deposited on the top of the crystalline
MgO. The multilayer is subsequently annealed at temperatures of around 350◦ [83–86]
leading to the diffusion of B atoms away from the FM layers and, simultaneously,
to the crystallization of CoFe into the bcc (001) structure imposed by the crystallo-
grafic orientation of the bcc MgO(001) layer [71–74]. Consequently, the MgO-CoFe
interfaces reach a low lattice mismatch, leading to the high coherence of tunneling of
the conduction electrons through the MgO barrier, and thus to the observed high TMR
ratios of such MTJs.
Since the lattice matching between the barrier and FM electrodes plays a crucial
role in tunneling process in MTJs, the quality of the interfaces between these layers is
potentially important. One of the factors deteriorating the interface quality is the mi-
gration of oxygen atoms away from the MgO barrier and/or the oxidation of Fe atoms
in the neighboring FM layers, which occurs during the MgO deposition and the postan-
nealing process. In order to minimize this phenomenon, Lu et al. [87] suggested the use
of an additional Mg insertion layer between the bottom CoFeB electrode and the MgO
barrier (i.e., the deposition of CoFeB/(001)Mg/(001)MgO/CoFeB multilayers). Indeed,
since the oxidation potential of Mg (-2.372 V [88]) is much higher than that of Fe
(-0.44 V [89]), the FM electrode is protected from the oxidation. Nevertheless, accord-
ing to the experimental work of Lu and collaborators, in order to still promote the bcc
(001) texture of MgO, the Mg insertion layer should not be thicker than 0.6 nm.
The barrier-ferromagnet interfaces in MTJs may also influence the overall magnetic
anisotropy of the FM layer. For instance, the hybridization between Fe-3d and O-2p
orbitals at Fe-MgO interface yields an out-of-plane interfacial magnetic anisotropy.
Thus, Fe(001)-based thin films, exhibiting the in-plane anisotropy for thicknesses up
to around 20 nm [90], gain a perpendicular magnetic anisotropy (PMA) contribution
from the interface with the MgO barrier [71, 91–97]. This phenomenon is investigated
within this thesis (see section 3.2). A detailed experimental study of the influence
2.2 Tunnel magnetoresistance (TMR) 25
Figure 2.6: Bias voltage dependence of TMR in: (a) Co/Al2O3/STO/LSMO showing
the TMR bias dependence similar to one for Fe/MgO/Fe structures (see section 2.2.3),
(b) Co/STO/LSMO exhibiting a change of the sign of the TMR ratio with the change
of the sign of the bias voltage. Taken from [78].
of the vicinity of MgO tunnel barrier on the magnetic anisotropy of the CoFeB free
layer (based on the SQUID and the FMR measurements) is presented in Appendix of
the thesis.
Another issue related to the barrier-ferromagnet interface in MTJs is its influence on
the spin polarization of the current, which determines the magnitude of the TMR ratio
(see eq. 2.8). As mentioned in section 2.2.2.2, MTJs with a transition metal electrode
and a half-metal as as a second magnetic layer may exhibit negative TMR ratios, like
the Co/STO/LSMO-based systems investigated by De Teresa et al. [78] (see negative
TMR ratio versus bias voltage in Fig. 2.6(b)). However, they also showed that introduc-
ing an additional Al2O3 layer between Co and STO changes the sign of the TMR ratio
back to positive (see Fig. 2.6(a)). This phenomenon is a consequence of the change in
the sign of the spin polarization at the Co-barrier interfaces, from negative for the Co-
STO interface into positive for the Co-Al2O3 interface. This leads to the conclusion
that, in magnetic tunnel junctions, the tunneling spin polarization relies not on spin
polarizations of FM1 and FM2 layers, but on the effective polarization arising from
the interfaces [24].
Although a theory predicting the sign of spin polarization in MTJs has not been fully
developed so far, it is believed that metal-oxide bonding at the ferromagnet-barrier in-
terface (i.e., in general, matching of the band structures of the barrier and FM layer) is
responsible for the transfer of the s and d electrons and thus determines the magnitude
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and the sign of the spin polarization. As mentioned in the previous section (2.2.2.1),
De Teresa et al. [78] explained the negative TMR in Co/STO/LSMO MTJs by assum-
ing that, due to the specific lattice matching at Co-STO interface, the tunneling of
the 3d electrons is predominant (see Fig. 2.5(b)). The positive sign of the TMR ratio
in Co/Al2O3/STO/LSMO multilayers is explained by the fact that the electrical trans-
port is dominated by the 4s electrons, which is expected for incoherent tunneling in
Al2O3-based MTJs (see Fig. 2.5(a)).
2.2.3 Bias voltage and temperature dependence of tunnel magne-
toresistance
The magnitude of the tunnel magnetoresistance is also strongly influenced by the bias
voltage applied across the junction. In 1975, Jullière [16] reported that the TMR ra-
tio of Fe/Ge/Co trilayers decrease significantly (by 85%) when the applied voltage is
increased by only 6 mV. In Fe/MgO/Fe MTJs, currently used for commercial applica-
tions, the bias dependence of TMR was improved: at room temperature, the TMR ratio
only decreases by about 50% for an applied bias voltage of 500 mV [21, 98]. The TMR
reduction with increasing bias voltage remains undesirable from the point of view of
applications, since it results in a deterioration of signal-to-noise ratio at higher bias.
The bias dependence of the MTJ resistance has been experimentally observed but
remains controversial from a theoretical point of view. The most straightforward ex-
planation is that in the resonant regime (i.e., when the conduction electrons tunnel co-
herently through the barrier via the quantum well states formed between the two FM
electrodes) [99], an increase of the applied voltage brings about the opening of addi-
tional spin channels contributing to the tunneling process at the barrier-ferromagnet
interface. According to Tsymbal et al. [24], there are three main potential contributions
explaining this phenomenon: inelastic spin-flip scattering due to magnon excitation
at the ferromagnet-barrier interface [100, 101], a resistance drop due to impurities in
the tunnel barrier (i.e., localized trap states [102, 103]), and the energy band structure
of FM thin films (since a bias voltage across the MTJ induces the flow of electrons with
the energy less that EF from one ferromagnet to another ferromagnet [104], occupying
states above EF level there). All of these theories have been at least partially exper-
imentally confirmed, and all of them can influence the bias dependence of the TMR
ratio.
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Figure 2.7: Experimentally obtained TMR ratios versus: (a) the applied bias voltage
(for (001)Fe/(001)MgO/(001)Fe-based systems; modified from [98]), (b) the tempera-
ture (for (100)Fe/(100)MgO/(100)Fe-based systems; modified from [22]).
In MgO-based MTJs, the TMR exhibits a maximum at zero-bias, and then gradually
decreases when increasing the magnitude of the bias voltage [98, 100, 105–107] (see
Fig. 2.7(a)). Typically, the experimental bias voltage dependence of the TMR is asym-
metric with respect to zero-bias [21, 98]. Kalitsov et al. [98] suggested that the reason
for this asymmetry is a difference in the quality of the top and the bottom MgO inter-
faces; namely, the bottom interface is more atomically sharp than the top one (which
is an unavoidable effect of the layer growth process). The influence of the TMR bias
voltage dependence on the operation of spin-torque nano-oscillators will be presented
in section 4.
The external temperature also influences the TMR ratio: in general, the TMR de-
creases with increasing temperature. As an example, Fig. 2.7(b) shows bias voltage
dependence of TMR versus temperature, for (100)Co70Fe30/(100)MgO/(100)Co70Fe30
junctions with cross-sections areas of 80× 80µm2, exhibiting a reduction of the TMR
magnitude from 300% close to 0 K down to 180% at room temperature (reported by
Parkin et al. [22]). This trend can be explained by the excitation of thermally-generated
spin-waves (which brings about an additional surface magnetization and reduces the spin
polarization p of the ferromagnetic layer [108]), by spin-flip scattering effects at mag-
netic impurities in the tunnel barrier [109], or by inelastic scattering (i.e., spin-conserving
scattering, e.g., electron-phonon scattering) [110].
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2.2.4 Angular dependence of tunnel magnetoresistance
Following the experimental discovery of the TMR effect by Jullière [16] in 1975, a de-
tailed theoretical explanation was provided by Slonczewski [111] in 1989. Slonczewski
calculated the surface conductance G due to tunneling between the two ferromagnetic
thin layers separated by a rectangular potential barrier. According to his theory, the tun-
neling conductance G is a cosine-type function of the angle β between magnetizations
of the two FM layers, as expressed by the following formula:
G(β) = G0(1 + p
2 cos β), (2.10)
Here, G0 is the mean tunnel conductance occurring at the perpendicular orienta-
tion the magnetizations of the free and the reference layers, and p is the effective spin
polarization specific for the considered ferromagnet-barrier system, defined as:
p =
(k↑ − k↓)
(k↑ + k↓)
(κ2 − k↑k↓)
(κ2 + k↑k↓)
, (2.11)
where k↑,k↓ are the wave vectors for E = EF of majority/minority electrons (deter-
mining the spin polarization of conduction electrons), and κ =
√
(2m/h2)(U − EF )
is a decay constant within the potential barrier, defined by the height of the barrier (U ).
This angular dependence of the tunneling conductance G (eq. 2.10) was calculated un-
der the assumptions of a low applied bias voltage and a narrow distribution of electrons
energy (i.e., when most of the current is carried by electrons close to the Fermi level
EF ).
The cosine angular dependence of the TMR ratio in MTJs was first reported exper-
imentally in CoFe/Al2O3/Co tunnel junctions by Moodera and Kinder in 1996 [105]
(see Fig. 2.8). They measured the magnetoresistance as function of the angle between
the magnetization of the Co reference layer and the direction of constant external mag-
netic field, which set the magnetization orientation in the CoFe free layer (the magni-
tude of the external field was smaller than coercivity of Co, but larger than coercivity
of CoFe).
This intuitive and straightforward relation is a crucial part of the mechanism we
propose in order to explain steady-state precession in MTJs with the hybrid geometry
studied in this thesis (see chapter 4).
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Figure 2.8: Angular dependence of the TMR in the CoFe/Al2O3/Co tunnel junction
measured at the small applied field (which can reorient magnetization of CoFe, but
does not influence magnetization of Co). Modified from [105].
2.3 Spin-transfer torque in GMR/TMR structures
In this section, we discuss GMR and TMR multilayers and point out the main differ-
ences between the two, in particular focusing on the dependence of the spin-transfer
torque on the angle between the direction of the spin polarization of the current and
the magnetic moment of the free layer. We also discuss the influence of the angle and
the voltage dependence of the TMR on STT-driven phenomena in magnetic tunnel junc-
tions. In chapters 3 and 4, we demonstrate that they play a crucial role in sustaining
dynamics in hybrid geometry MTJs.
2.3.1 Spin-transfer torque
Due to the exchange interaction, the local magnetic moment in a ferromagnetic material
interacts with the spin angular momentum of a single electron, and, in turn, the elec-
tron spin exerts a torque on the magnetization (if the two magnetic moments are not
collinear). The collective torque generated by a group of polarized spins, i.e. a spin-
polarized current, my be large enough to manipulate the overall magnetization of a thin
ferromagnetic layer. This phenomenon, known as spin-transfer torque, can be observed
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by passing DC or AC currents through ferromagnet/non-magnet/ferromagnet (FM/N-
M/FM) multilayers. Typically, the first FM layer is either harder than the second one, or
pinned along the specific direction via exchange bias with a neighboring antiferromag-
netic layer (detailed explanation will be presented in section 3.1). The second magnetic
layer is softer and its magnetization can be manipulated via the STT. The non-magnetic
spacer is used to eliminate direct coupling between the two FM layers.
Figure 2.9: The process of transferring the spin angular momentum from the non-
magnetic spacer (on the left) into the ferromagnet (on the right), known as a spin-
transfer torque.
The generation of the spin-transfer torque is shown schematically in Fig. 2.9. In
general, the spin of incident current can be decomposed into two terms: the longitudi-
nal component parallel to the magnetization M (i.e., parallel to the majority spins of
FM layer; marked as m+z) and the longitudinal component antiparallel to M (i.e., par-
allel to the minority spins of the FM layer, marked as m−z). The remaining transverse
component (perpendicular to M) is almost entirely absorbed at the NM-FM interface
delivering a torque to the magnetization of the FM layer, i.e. transferring the spin an-
gular momentum into this layer [112–114]. The incoming spin-polarized current, rep-
resented here by a single electron spin (e−), is scattered at the non-magnet/ferromagnet
interface in a specific way (called a "spin filtering" effect); namely, the parallel compo-
nent of the spin current has a high probability of the transmission through the interface,
while the antiparallel component of the spin current mostly reflects back to the non-
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magnetic spacer. It is worth to note that there are, in fact, three processes which con-
tribute to the absorption of the transverse spin current: the spin-dependent transmission
and reflection, the coherent rotation of reflected and transmitted spins, and the spin
precession which becomes dephased in the FM material [113].
The spin-transfer torque leads to the reorientation of the electron spin from its initial
position (i.e., the polarization direction mxyz in Fig. 2.9) to the equilibrium position de-
fined by the magnetization vector M. This process occurs via the precessional motion
of the spin around the M vector. Thus, the spin-transfer torque is represented by a vec-
tor (see red arrows in Fig. 2.9), and usually defined with two components: an "in-plane"
STT term, laying in the plane defined by the polarization of incoming spins (mxyz) and
the magnetization vector M, and a "perpendicular" STT term, normal to this plane.
The incident spin current consists of the conduction electrons coming from the all
Fermi surface. Thus, if the electrons are distributed over a wide range of kinetic ener-
gies (i.e., characterized by different wave vectors, like in Co/Cu/Co multilayers), they
precess at different rates while penetrating the ferromagnet (see "Transmitted spin cur-
rent" in Fig. 2.9), and gradually loose the coherence of the precessional motion as
they move away from the interface [112–114]. This phenomenon, known as a "clas-
sical dephasing", leads to phase cancellation when summing up over electrons from
the all Fermi surface and, thus, to an exponential decay of the remaining transverse
spin current (normally, within the path of a few atomic monolayers from the interface,
which is approximately equal to a period of the spacial spin precession). As a re-
sult, there is a significant decrease of the perpendicular component of the collective
spin-transfer torque, which is typical for GMR multilayers with metallic non-magnetic
spacers, where the perpendicular SST term reaches only 1-3% of the in-plane STT
term [112, 115]. The reflected spin current, which is dominated by the minority elec-
trons, also experiences a significant phase cancellation (see "Reflected spin current" in
Fig. 2.9), since the complicated Fermi surface for minority carriers (due to the strong
sub-band hybridization) results in a wide distribution of the electron wave vectors [113].
If most of the conduction electrons come from the same part of the Fermi surface,
like in Fe/MgO/Fe-based MTJs, they have a narrow distribution of the kinetic energies.
Thus, while penetrating the ferromagnet, the phase of the spins precession does not
fully cancels out, and the classical dephasing is not complete [112, 114]. Consequently,
in TMR multilayers, the magnitude of the perpendicular component of the spin-transfer
torque reaches even up to 30% of the in-plane STT term [51, 116, 117].
It is worth noting that for both GMR- and TMR-type structures, the spacers should
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not be too thick in order to observe STT-driven phenomena; normally, several nm for
metallic spacers [33, 49], and 1-2 nm for tunnel barriers [21, 22]). For fully metallic
GMR multilayers, the thickness of the spacer layer should be well below the spin-
diffusion length of the material, so that the density of transferred spin current re-
mains sufficiently high. Similarly, in the case of insulating barriers, the thinner spacer,
the more electrons tunnel into the second FM layer, contributing to the collective spin-
transfer torque.
2.3.2 Landau-Lifshitz-Gilbert (LLG) equation
The dynamics of a magnetic moment of a thin magnetic film under the influence of
an effective magnetic field (see Fig. 2.10(a)) can be described using the Landau-Lifshitz-
Gilbert (LLG) equation [118, 119]:
dm
dt
= −γ(m×Beff ) + α(m×
dm
dt
), (2.12)
where γ is the gyromagnetic ratio, α is the Gilbert damping constant, m is the unit
vector defining the direction of the magnetization of the film (i.e., the magnetization
vector normalized by its length, namely, the saturation magnetization Ms), and Beff
is the effective magnetic field (i.e., magnetic field induction), which includes all mag-
netic fields present in the system: external fields, anisotropy fields, and magnetostatic
or exchange interactions with neighbouring layers. The field torque, −γ(m × Beff ),
describes the precessional motion along a constant energy trajectory defined by the ef-
fective field (marked with an orange arrow in Fig. 2.10(a)). The damping torque,
α(m × dm
dt
), introduces the energy loss contribution (marked with a gray arrow in
Fig. 2.10(a)), which is responsible for a gradual suppression of the motion, and causes
the magnetization to eventually relax towards the equilibrium position, along Beff .
2.3.3 LLG equation and spin-transfer torques
A spin-polarized current passing through a ferromagnetic material will induce an ad-
ditional spin-transfer torque, which will also affect the motion of its magnetization.
The mathematical description of the in-plane component of the STT was introduced
and incorporated in the LLG equation by Slonczewski [28], while the perpendicular
spin-transfer torque was defined by Ralph and Stiles [114]. The modified LLG equa-
tion is usually called the "Landau-Lifshitz-Gilbert-Slonczewski" (LLGS) equation:
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Figure 2.10: Motion of the magnetization vector m under the influence of: (a) an ef-
fective magnetic field Beff , (b) an effective field Beff and STT for a negative bias
current/voltage, and (c) an effective field Beff and STT for a negative current/voltage.
dm
dt
= −γ(m×Beff ) + α(m×
dm
dt
) + γT‖[m× (m× p)] + γT⊥(m× p). (2.13)
Here, p is the unit vector defining the direction of the spin-polarization of the in-
coming electrons, T‖ and T⊥ are magnitudes of the in-plane and perpendicular spin-
transfer torques, respectively (where the "plane" refers to the plane defined by m and
p vectors), expressed in the units of the magnetic field induction (Tesla). T‖ and T⊥ are
current- or voltage-dependent quantities, defined by a conductive or a non-conductive
nature of the spacer between the FM electrodes, respectively (see section 2.3.3).
The absolute values of the in-plane and perpendicular components of spin-transfer
torque, T‖ and T⊥, are mostly influenced by the magnitude of the applied bias curren-
t/voltage and the choice for materials of the FM electrodes and the spacer. In GMR
structures, the two components of the STT are defined as follows:
TGMR‖ =

2e
1
MsV ol
g(Λ,m ·p)I, [63] (2.14)
TGMR⊥ ≈ 0. [112, 115] (2.15)
Here, I is the applied current, Ms is the saturation magnetization, V ol is the mag-
netic volume of the free layer of the GMR nano-pillar,  = h/2π (where h is the Planck
constant), e is the elementary charge, and g is a function describing the dependence of
TGMR‖ on the angle between the moments of the two magnetic layers [63]:
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g(p,Λ,m ·p) = pΛ
2(
Λ2 + 1
)
+
(
Λ2 − 1
)
m ·p
, (2.16)
where Λ is the asymmetry parameter and p is the spin polarization (both are material
parameters); m ·p is a scalar product of two magnetization vectors (along the free and
the reference layers, respectively). Since m and p are unit vectors, m ·p = cos(β)
(where β is the angle between these vectors).
According to eq. 2.14, the magnitude of the in-plane STT component depends lin-
early on the applied current [63]. However, due to the significant phase cancellation of
the transverse component of the incident spin current (i.e., complete classical dephas-
ing [112–114]) the perpendicular component of spin-transfer torque is negligibly small
compared to the in-plane STT term [112, 115], as mentioned in section 2.3.1.
In Fe/MgO/Fe-type structures, the STT components can be expressed as follows [64,
114]:
T TMR‖ = a‖V =
dτ‖
dV
1
MsV ol
V, (2.17)
T TMR⊥ = a⊥V
2 =
d2τ⊥
dV 2
1
MsV ol
V 2. (2.18)
Here, V is the applied bias voltage, dτ‖
dV
and d
2τ⊥
dV 2
are the in-plane and the perpen-
dicular torkances, respectively (i.e., the derivatives of the two STT terms with respect
to the voltage, expressed in the field units: T/V and T/V2) [117, 120, 121], and τ‖
and τ⊥ are the STT terms expressed in the energy units, J/V. a‖ and a⊥ constants are
torkances normalized by the saturation magnetization, Ms, and the magnetic volume,
V ol. According to eq. 2.17 and 2.18, the in-plane component of spin-transfer torque
varies linearly with the voltage, while the perpendicular term of STT is proportional to
V 2 [117, 121–123].
Since in MTJs the classical dephasing is not complete [112–114], the perpendicular
STT component can remain as high as 30% of the in-plane STT term [51, 116, 117].
This is especially interesting for applications such as MgO-based spin-torque oscil-
lators, where a large TMTJ⊥ may increase the operation frequency and the frequency
tunability with the current [51, 67, 68, 124], or enable zero-field operation in STNOs
of hybrid geometry [67, 68, 124].
Let us now go back to eq. 2.13 and try to explain the effect of the two STT compo-
nents on the free layer magnetization in an in-plane anisotropy magnetoresistive mul-
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tilayer (as presented in Fig. 2.11). While the magnitudes of the STT components are
defined by the T‖ and T⊥ constants, their directions can be determined directly from
the LLGS equation; namely, [m×(m×p)] defines the direction of the in-plane compo-
nent of STT (marked with a green arrow in Fig. 2.10(b)), and (m×p) shows the direc-
tion of the perpendicular STT component (marked with a red arrow in Fig. 2.10(b)). As
the in-plane torque is directly proportional to the current/voltage, the change of the cur-
rent/voltage sign brings about reversal of the in-plane component of STT; for the sign
convention in Fig. 2.11, the in-plane STT acts as a damping torque for negative bias (as
shown in Fig. 2.10(b)) and acts against the damping for positive bias (see Fig. 2.10(c)).
This is the case for both GMR- and TMR-type structures, since they two exhibit a direct
proportionality to the applied current and voltage, respectively (see eq. 2.14 and 2.17).
On the other hand, the V 2-dependent perpendicular STT (see eq. 2.18) is not influenced
by the sign of the applied bias voltage, and, in typical Fe/MgO/Fe-based MTJs, favours
the AP state of the junction [125] (as shown in Fig. 2.10(b) and (c)).
Figure 2.11: A scheme of magnetoresistive multilayer with fully in-plane magnetic
anisotropy. Here, positive bias corresponds to electrons flowing from the free layer
to the fixed layer (represented with m and p vectors, respectively), and the positive
applied field favours a parallel alignment of the two magnetizations.
The evolution of the motion of the magnetization under the influence of applied
fields and spin-transfer torques mostly depends on the efficiency of the in-plane STT
term in overcoming the damping torque. In the case when the STT acts as a damping
torque, like in Fig. 2.10(b), the motion of the magnetization is more efficiently damped
(as shown schematically in Fig. 2.12(a)), leading to the stabilization of the magne-
tization in a certain static state, i.e. at its equilibrium position. If the spin-transfer
torque opposes the damping torque, like in Fig. 2.10(c), the magnetization can be
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switched to a different equilibrium position. Both cases are interesting from the point
of view of magnetic memory applications (i.e., MRAM), and correspond to the region
of bi-stability of the P and the AP states in the TMR/GMR-based memory cell (see
Fig. 1.4(c)).
Figure 2.12: Evolution of the magnetization precession trajectory under the influence
of an external magnetic field: (a) damped motion (small magnitude of T‖), (b) steady-
state precession (comparable magnitudes of damping torque and T‖), (c) magnetization
switching (large T‖ opposing the damping torque). Modified from [114]. Note, that
the motion of magnetization is determined only by an applied field, a damping torque,
and the in-plane component of STT (T‖). All anisotropies of the system are neglected.
A balance between the damping torque and the in-plane STT component, i.e. when
their magnitudes are comparable and the two oppose each other, may lead to the state
of a so-called "steady-state precession" state. The magnetization vector then oscillates
along a defined circular trajectory around the effective field for an isotropic ferromag-
net (like in Fig. 2.12(b)), or a distorted trajectory for the realistic case with included
anisotropies (e.g., precession along the elliptical trajectory or so-called "clamshell" pre-
cession in the in-plane anisotropy thin films [126]). In other words, in order to obtain
stable magnetization precession, the energy lost due to the damping torque over a single
precession cycle has to be equal to the energy pumped into the system by the in-plane
component of the spin-transfer torque. This can be expressed with the following inte-
gral over a single precession period T :∫ T
0
{
α(m× dm
dt
) + γT‖[m× (m× p)]
}
dt = 0. (2.19)
The case of damping torque and spin-transfer torque balancing each other is spe-
cially interesting from the point of view of potential applications of GMR-/TMR-type
multilayers as spin-torque nano-oscillators (see sections 1.2 and 1.3). Since eq. 2.19
has to be fulfilled in order to obtain steady-state precession in the free layer, it is used
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as a starting condition for the analytical calculations presented in this thesis (see chap-
ter 4).
2.3.4 Bias voltage dependence of spin-transfer torques in MTJs
Since, in TMR multilayers, the number of spin-polarized electrons tunneling from one
electrode to another strictly depends on the potential difference across the tunnel bar-
rier, spin-transfer torques in MTJs are voltage-dependent [64, 111, 120] (see eq. 2.17
and 2.18). The first theoretical explanation of the bias voltage dependence of STT in
MgO-based MTJs was presented by Theodonis et al. [121]. Using the free-electron
and the tight-binding models, they demonstrated the specific bias dependence of two
STT component (approximately linear for STT (T TMR‖ ) and symmetric quadratic for
T TMR⊥ )), resulting from the interplay of the spin currents in the P/AP configuration,
characterized by the symmetric/asymmetric nature of the barrier. They also studied
the influence of the exchange splitting (which is a material parameter) on the bias de-
pendence of the two spin-torque components, neglecting all other factors which may
play a role, such as a transfer of the angular momentum from hot electrons towards spin
waves excitation. Similar types of STT bias dependencies were also demonstrated by
the other groups (see ref. [117, 121–123, 127]).
According to the theoretical predictions of Slonczewski and Sun [120], there are
several factors determining the bias voltage dependence of T‖ (specifically, of the in-
plane torkance dτ‖
dV
), such as: the type of tunneling (elastic or inelastic), the distribution
of scattering centers for inelastic tunneling, the first-order energy dependence of density
of states, or the energy dependence of the resistivity.
Fig. 2.13 shows the experimental and predicted bias dependence of the two STT
terms in CoFeB/MgO/CoFeB-based (70× 250)nm elliptical cross-section nano-pillars,
as published by Kubota and collaborators [117]. The in-plane/perpendicular STT de-
pends linearly/quadratically on the applied voltage. The experimental data were ob-
tained using a technique based on the so-called "spin-torque diode" effect [128]. The spin-
torque diode effect, also known as "ST-FMR", is based on the fact that STT-driven pre-
cession can also be excited when applying an AC current across the multilayer with
a frequency close to the resonance frequency of the free layer. Since both the cur-
rent and the resistance oscillate at the same frequency, as the magnetization moves
along the trajectory, an average frequency voltage can be measured across the MTJ.
The magnitude of the two STT terms can then be estimated from the DC voltage.
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Figure 2.13: Bias voltage dependence of STT in the CoFeB/MgO/CoFeB structure:
(a) the in-plane STT component, (b) the perpendicular STT component. Colour dots
represent experimental data. Black curves show theoretically determined bias depen-
decies of STT for different exchange splitting ε. Due to a difference in theoretically
and experimentally determined conductance, the theoretical values of the spin-transfer
torque (see vertical axes on write hand side) are expressed in arbitrary units. Taken
from [117].
The bias voltage dependence of two STT components, calculated similarly to ref.
[121], is plotted in Fig. 2.13 for both STT terms as solid and dotted lines. The bias de-
pendence of the in-plane STT term calculated for an exchange splitting of ε = 2.25 eV
(reasonable for the CoFe material) is found to be in a good agreement with the exper-
imental results (see Fig. 2.13(a)). On the other hand, the experimentally reported bias
dependence of the perpendicular STT term does not quantitatively fit the simulation
results for ε = 2.25 eV (see Fig. 2.13(b)), which, according to the authors, may be
an effect of an anomalous conductance resulting from the electronic band structure of
FM layers, magnon excitations, or the reduction of demagnetizing field due to the heat-
ing effects.
2.3.5 Angular dependence of spin-transfer torque
According to the LLGS equation (2.13), the magnitude of the in-plane STT changes
sinusoidally as a function of the angle β between the m and p vectors, if the pre-factor
of the STT function, T‖, is angle-independent (as in the case of TMR structures with
coherent tunneling; see eq. 2.17). In contrast, according to Slonczewski [63], in GMR
structures, there is an intrinsic asymmetry in the angular dependence of TGMR‖ due to
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the accumulation of minority spins at the interfaces. The asymmetry is parametrized
by the so-called "asymmetry factor" Λ (see equations 2.14 and 2.16).
Figure 2.14: Angular dependence of the reduced spin-transfer torque for metallic spin
valves as a function of the asymmetry factor Λ. The "reduced" STT is defined as r =
(1−cos β/22)/(1+χcos β/22), where χ = 1
2
AG(R++R−)−1. Here, A is the area of
the device, G = e2nFv0/2 is a new parameter characteristic for the electron structure of
the spacer (e - the elementary charge, nF - electron density of states at the Fermi lavel,
R+/R− are the channel resistances of each magnetic lead, and v0 ≈ v̄F/31/2, where v̄F
is the RMS of the Fermi velocity). Modified from [63].
Theoretically predicted angular dependencies of reduced spin-transfer torque for
different asymmetry factors Λ are presented in Fig. 2.14 [63]. The symmetric case is
represented by Λ = 1. For an asymmetry defined as Λ < 1, the maximum of the STT
is moved from the 90◦ angle towards 0◦ (i.e., towards the parallel alignment of two
magnetizations). For most analysed GMR structures, it was demonstrated that Λ > 1
(typically around 1.5 [52]), and thus the maximum of the STT is closer to 180◦ (i.e.,
closer to the antiparallel alignment of two magnetizations). That implies that the spin-
transfer torque in GMR-type multilayers is typically larger close to the AP state than
close to the P configuration.
In Fe/MgO/Fe tunnel junctions, the STT torkances (dτ‖
dV
and d
2τ⊥
dV 2
) are expected to be
constant versus the angle between the magnetic moments of the two layers. Indeed, ac-
cording to Slonczewski [64], due to the lack of the spin accumulation at the interfaces,
there is no intrinsic angular dependence asymmetry of STT (similar to the GMR case
with Λ = 1, Fig. 2.14(a)).
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Figure 2.15: Angular dependence of the in-plane and the perpendicular STT torkances
in magnetic tunnel junctions: (a) symmetric sinusoidal dependence of the STT torkance
with respect to the voltage ( dτ
dV
), (b) asymmetric dependence of the STT torkance with
respect to the current (dτ
dI
). Taken from [125].
The in-plane STT torkance defined with respect to the voltage ( dτ
dV
) exhibits a per-
fect sinusoidal and symmetric dependence on the angle β (see Fig. 2.15(a)). However,
as calculated by Heiliger and Stiles [125], the in-plane STT torkance defined with re-
spect to the current (dτ
dI
), being of greater interest in terms of applications, may exhibit
significant angular skewness (see Fig. 2.15(b)). The dτ
dI
parameter is related to dτ
dV
by
the conductance g = dI
dV
(and, thus, also by the resistance). Therefore, for MTJs with
the high TMR ratio, the strong angular dependence of the junction conductance directly
translates into a significant asymmetry of the angular dependence of dτ
dI
.
This statement is directly used in this thesis to define the angular dependence of
T TMR‖ of MTJs (see chapter 4). The STT angular dependence asymmetry is a crucial
part of our explanation of how the STT-driven steady-state precession is sustained in
hybrid geometry STNOs and will be described in detail in section 1.2.
2.4 Spin-torque-based phenomena
A presence of a given magnetic state in the free layer, either static or dynamic, is de-
termined by magnitudes of applied fields and currents. Theoretically, threshold cur-
rents/voltages at a given applied field defining the stability of a given static state can be
determined by analyzing the stability of this state based on the LLGS equation (2.13).
Similarly, steady-state precession trajectories can be identified by imposing the inte-
gral 2.19.
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Experimentally, the switching currents versus fields can be determined from resis-
tance versus current loops for different fields, and the onset currents for precession
versus field can be determined from the frequency spectra of the generated signal mea-
sured for different applied currents and fields.
2.4.1 Current-induced switching
Current-induced magnetization switching was first experimentally observed in GMR
multilayers with the fully in-plane anisotropy by Tsoi et al. [30] in 1998 (see a sample
scheme shown in Fig. 2.16(a)). However, the full current versus field switching phase
diagram for these structures were published later on, for instance, by Deac et al. [129].
They published an experimental state diagram obtained for CoFe(14.8 nm)/Cu(3 nm)/
CoFe(3.6 nm)-based nano-pillars with the (100 × 100)nm square cross-section (pre-
sented in Fig. 2.16(c)) which shows the resistance variation as a function of applied
DC currents and fields, with agreement with the current and field convention from
Fig. 2.16(a) (i.e., positive current favouring the P state and positive field favouring
the AP state). The diagram consists of resistance versus current loops measured for
different field values (see a single loop shown in Fig. 2.16(b)).
In general, we can distinguish four main regions of the diagram: the bi-stable state
occuring in the center (i.e., in the coercivity area marked as "P/AP"), which is specially
interesting from the point of view of the data storage applications (see section 1.2);
stability of the P state, where current and field favour the parallel state (the blue area
marked as "P"); stability of the AP state, where current and field favour the antipar-
allel state (the red area marked as "AP"); and the regions where neither the P nor AP
state is stable, where current and field favour opposite states (marked as "Precession",
since in the presented case, destabilization of static states leads to steady-state preces-
sion [129]).
A simple scheme explaining spin-torque-induced magnetization reversal in the in-
plane anisotropy magnetoresistive multilayer (either GMR- or TMR-type) is shown
in Fig. 2.17. The magnetization of the reference layer (FM2) is assumed not to be
influenced by STT (see thin green and red arrows), while the magnetization of FM1
can be manipulated by the transfer of spin angular momentum (see thick green and red
arrows). Note that spin transfer occurs strictly only if FM1 and FM2 magnetizations
are misaligned with respect to each other (i.e., for β > 0), which, due to the thermal
fluctuations, is always the case in real systems at room temperature.
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Figure 2.16: Current-induced switching in the in-plane anisotropy GMR multilayer:
(a) sample geometry, (b) resistance versus current loop showing the current-induced
switching between the P and AP states at 5 mT applied field in the CoFe/Cu/CoFe-
based nano-pillar for the device geometry shown in (a), (c) current versus field dia-
gram consisting of resistance versus current loops (like one shown in (b)), determining
the four main stability regions of given magnetic states (explained in text). (b) and (c)
taken from [129].
STT-driven switching depends on the direction of the current flow. When elec-
trons flow from the fixed (FM2) to the free (FM1) layer ((1) in Fig. 2.17(a)), they enter
FM1 being spin-polarized along the direction of the FM2 magnetization. The transvere
component of the flowing spins exerts a torque on the local magnetization of FM1 (2).
Simultaneously, a component of the polarized current, fully antiparallel to the FM1
magnetization, is reflected back to FM2 (4). Since the current tries to align the FM1
magnetization with FM2, we say that this current direction favours the parallel state.
In case when the electrons flow from FM1 to FM2, Fig. 2.17(b), they enter the fixed
layer being polarized along the direction of the free layer magnetization (1). However,
the transverse component of spins absorbed by the FM2 layer (2) is not able to affect
its magnetization (note that anisotropy of FM2 is much stronger compared to FM1).
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The component which is antiparallel to FM2 is reflected back to FM1 (4), and exerts
a torque on its magnetization. Since, for this case, the current tries to reverse FM1
magnetization (so that it is antiparallel to FM2), we say that the current favours the AP
state. In this way, the state of magnetoresistive trilayer can be switched from the par-
allel to the antiparallel and back by applying an electrical current with correct polarity,
without a need of an external field.
Figure 2.17: The mechanism of STT-induced switching of the free layer magnetiza-
tion: (a) for the current favouring the parallel state (electrons flowing from the fixed to
the free layer), and (b) for the current favouring the antiparallel state (electrons flowing
from the free to the fixed layer).
As already mentioned, the switching currents in magnetoresistive multilayers can
be defined analytically by solving the LLGS equation (2.13) for given static states.
Following this approach, simultaneously including the in-plane STT term defined by
Slonczewski [63] and neglecting the perpendicular STT term (a typical assumption for
GMR structures, see eq. 2.15), the critical currents for switching from the P to AP state
(IP→APc ) and from the AP to P state (I
AP→P
c ) for in-plane anisotropy GMR multilayers
are defined as following [28, 32, 59, 63]:
IP→APc ≈
AαMsV ol
g(β = 0◦)p
(Bext +Bcoupl +Bk‖ + 2πMs), (2.20)
IAP→Pc ≈
AαMsV ol
g(β = 180◦)p
(Bext +Bcoupl − Bk‖ − 2πMs). (2.21)
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Here, Bext is the external magnetic field, Bcoupl is the coupling field from the fixed
layer, Bk‖ is the uniaxial in-plane anisotropy field, and 2πMs is the demagnetizing field
for the thin film geometry.
From the point of view of commercial applications of the GMR-based multilayers,
the critical currents for switching should me minimized. According to equations 2.20
and 2.21, the easiest way to reduce the Ic value is to utilize materials with a low satura-
tion magnetization,Ms, which would lead to a decrease of the prefactor AαMsV olgp as well
as to the reduction of the demagnetizing field, 2πMs. On the other hand, lowering Ms
of the free layer brings about a reduction of thermal stability of the remanent magnetic
state, which is undesirable for most commercial applications. Therefore, the interest of
the scientific society was directed into multilayers consisting of perpendicular magnetic
anisotropy (PMA) thin films (i.e., where both the free and the fixed layers are magne-
tized along the normal to the plane, like shown in Fig. 2.18(a)), where the anisotropy
field and the demagnetizing field are collinear and opposite, leading to a significant
reduction of the effective out-of-plane anisotropy field.
To clarify, let us refer to expressions for the critical currents for switching in per-
pendicular anisotropy GMR multilayers suggested by Mangin and collaborators [59]:
IP→APc ≈
AαMsV ol
g(β = 0◦)p
(−Bext − Bcoupl + (Bk⊥ − 4πMs)), (2.22)
IAP→Pc ≈
AαMsV ol
g(β = 180◦)p
(−Bext − Bcoupl − (Bk⊥ − 4πMs)), (2.23)
where Bk⊥ is the uniaxial out-of-plane anisotropy field. For the perpendicular
anisotropy thin films, the magnetic anisotropy can be defined as an effective quantity
expressed as Bk = (Bk⊥ − 4πMs) and is always greater than zero (i.e., Bk⊥ > 4πMs
has to be fulfilled in order to have a dominant out-of-plane anisotropy in the layer). For
instance, for 2 nm-thick FeB thin films, the large demagnetizing field of around 1.82 T
can be reduced down to around 0.4 T by changing the geometry from the in-plane to
the out-of-plane, as reported by Kubota et al. [55]. Consequently, this leads to a sig-
nificant reduction of critical switching currents of magnetetoresistive multilayers (see
eq. 2.20 and 2.21).
Mangin et al. [59] also presented first experimental results on current-induced switch-
ing in high perpendicular anisotropy systems based on [Co/Ni]4/Cu/[Co/Ni]2/[Co/Pt]4
multilayers (where, [Co/Ni]4 is the free layer, [Co/Ni]2/[Co/Pt]4 is the fixed layer, and
Cu is the spacer layer; indexes corresponds to the number of repetitions). The experi-
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Figure 2.18: Current-induced switching in the perpendicular magnetic anisotropy GMR
multilayer: (a) sample geometry; (b) differential resistance versus current loop showing
the current-induced switching between the P and AP states at zero applied field in
the [Co/Ni]4/Cu/[Co/Ni]2/[Co/Pt]4-based nano-pillar for the device geometry shown in
(a); (c) current versus field diagram consisting of differential resistance versus current
loops (as one shown in (b)). (b) and (c) taken from [59].
mental switching phase diagram obtained by Mangin and collaborators for the hexag-
onal nano-pillar ((50× 100)nm) is shown in Fig. 2.18(c). The diagram shows the dif-
ferential resistance dV
dI
(i.e., a ratio of a voltage change to the resulting current change)
as a function of applied DC currents and fields follows the current and field conven-
tion shown in Fig. 2.18(a) (i.e., positive current and field favouring the AP state), and
consists of differential resistance versus current loops measured for different field val-
ues (see a single loop in Fig. 2.18(b)). Even though phase diagrams for both in-plane
and out-of-plane anisotropy GMR structures look similar (Fig. 2.16(c) and Fig. 2.18(c),
respectively), including the switching currents magnitudes equal to 2-4 mA, larger co-
ercive fields of the PMA sample (265 mT [59] compared to 1-15 mT reported by Deac
et al. [129]) indicates a higher thermal stability of the remanent state in the potential
device.
Although the first experiments on STT-induced switching in PMA magnetoresis-
tive multilayers were conducted on fully metallic systems, MTJs are more relevant for
commercial applications due to their high signal-to-noise ratio (as mentioned in sec-
tion 1.2). Specifically, crystalline CoFeB/MgO/CoFeB PMA multilayers are currently
systems of choice for STT-MRAM. Resistance versus voltage hysteresis loop mea-
sured for a PMA CoFeB(2.5 nm) /MgO(0.8 nm)/CoFeB(5.4 nm) MTJ [130] presented
46 2. Fundamentals
Figure 2.19: Current-induced switching in the perpendicular magnetic anisotropy
MgO-based TMR multilayer: (a) sample geometry, (b) resistance versus current loop
showing current-induced switching between the P and AP states at zero applied field in
the CoFeB/MgO/CoFeB-based nano-pillar for the device geometry shown in (a). Taken
from [130].
in Fig. 2.19(b) shows the STT-induced switching of the free layer magnetization at
zero applied field. A switching from the P to the AP state takes place at larger bias
voltage compared to the switch from the AP to the P state, which can be explained by
the 8.6 mT coupling field from the reference layer occurring for this particular thickness
of the MgO barrier (see section 2.2.2.1). Note that in the presented case, along with
the voltage-induced switching, there occurs a decrease of the resistance with an increas-
ing bias voltage. This represents the typical bias dependence of TMR in MgO-based
tunnel junctions, described already in section 2.2.3.
2.4.2 Current-induced dynamics
Current-driven steady-state precession of the magnetization in the free layer generates
a time-variable resistance across the magnetic multilayer, thus emitting radio-frequency
radiation (see Fig. 1.6). Initial studies of STNOs were focused on in-plane anisotropy
GMR systems, i.e. with both the free and the fixed layers magnetized in the sample
plane (see Fig. 1.8(d)) [33]. In this configuration, steady-state precession occurs mainly
on elliptical or clam-shell trajectories centered on the direction defined by the in-plane
shape anisotropy. Thus, only a fraction of the full MR amplitude is converted into radio-
frequency output power. However, when using structures with an in-plane magnetized
fixed layer and an out-of-plane magnetized free layer (i.e., the hybrid geometry shown
in Fig. 1.8(e)), the full parallel-to-antiparallel resistance variation can be converted into
maximized output power in the limit of 90◦ precession angle [52] Moreover, this con-
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figuration also helps to reduce the critical currents [59], and can provide functionality
regardless of the magnetic or current history [52, 53, 55, 58].
Similarly to magnetoresistive multilayers dedicated for applications utilizing current-
induced switching (see section 2.4.1), MgO-based structures are also better candidates
for applications as radio-frequency devices compared to fully metallic or AlOx-based
devices; mainly, due to the much higher output power and lower operation currents of
MgO-based spin-torque nano-oscillators.
As already mentioned in section 1.2, the choice of the multilayer composition and
the device geometry dictates the oscillator properties, namely, the output power and
the onset currents for steady-state precession. In this section, we discuss in detail two
particular geometries: fully in-plane spin-torque oscillators (section 2.4.2.1), as the "pi-
oneer" geometry, and hybrid geometry STNOs with an in-plane reference layer and
a perpendicular free layer (section 2.4.2.2), which are currently the most promising for
the application in actual commercial devices.
2.4.2.1 Spin-torque nano-oscillators with fully in-plane geometry
Steady-state magnetization dynamics induced by DC currents were observed for the first
time in in-plane metallic nano-pillars by Kiselev and collaborators [33] in 2003. They
measured the microwave signals generated from in-plane anisotropy nano-pillars based
on the Co(3 nm)/Cu(10 nm)/Co(40 nm) trilayer (see frequency spectra in Fig. 2.20(a)).
The ouput powers were found to reach up to 20 nW. They also confirmed that the fre-
quency increases with the field according to the Kittel formula [131] (not shown here),
and that at a fixed field the frequency can also be changed by the applied current (i.e.,
frequency decreases with increasing current, as shown in inset of Fig. 2.20(a)).
By numerically solving the LLGS equation (2.13), they also analyzed correspond-
ing magnetization precession trajectories. These trajectories are circular or elliptical for
low applied currents (see "Low current" in Fig. 2.21(a)). While increasing the current,
they become more clamshell-like (see "High current" in Fig. 2.21(b)), and finally turns
into distorted circular-shaped for large angle out-of-plane oscillations (not shown here).
In magnetic tunnel junctions, steady-state precession induced by DC currents was
first reported in Al2O3-based multilayers by Petit et al. [50] in 2007. In 2008, Deac
and collaborators [51] measured output powers compatible with applications (of the or-
der of µW) in in-plane anisotropy CoFeB(1.5 nm)/MgO(1.2 nm)/ CoFeB(3 nm)-based
nano-pillar MTJs for currents about 1 mA. Similar to the results obtained by Kiselev
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Figure 2.20: Experimentally measured steady-state precession in in-plane anisotropy
magnetoresistive multilayers. (a), Frequency spectra for different applied currents for
the Co/Cu/Co-based GMR nano-pillar with the (130× 70)nm elliptical cross-section,
for the 200 mT field favouring the P state and the current favouring the AP state; inset:
output signal as a function of frequency and current (the signal frequency decreases
with the current for all three frequency modes); taken from [33]. (b), Frequency spectra
for different applied currents for the (001)CoFeB/(001)MgO/(001)CoFeB-based tunnel
junction with the (780× 160)nm elliptical cross-section, for the 20 mT field favouring
the AP state and the current favouring the P state; inset: signal frequency as a function
of current (for the two largest signals, the frequency decreases with the current); taken
from [51].
Figure 2.21: Steady-state precession in in-plane geometry GMR/TMR multilayers:
(a) circular or elliptical magnetization precession trajectory for low applied currents,
(b) clamshell precession for high applied currents.
and collaborators (Fig. 2.20(a)), the frequency of the measured signal decreases with
increasing currents (see Fig. 2.20(b)).
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It is worth noting that the steady-state precession in structures with the in-plane ge-
ometry occurs only for given current and field values; for instance, in the "Precession"
areas of the state diagram shown in Fig. 2.16(c). Specifically, the states favoured by
applied current and field has to be opposite, as represented by the field-current con-
figuration in Fig. 2.16(a). Moreover, magnitudes of the applied fields/currents has to
be greater than the critical field/current for dynamics (e.g., H > 0 mT and I > 3 mA for
the diagram shown in Fig. 2.16(c)).
2.4.2.2 Spin-torque nano-oscillators with hybrid geometry
In this section, we discuss a state-of-the-art for current-driven precession in hybrid
geometry STNOs, which consist of an in-plane magnetized polarizing/reference layer
(with fixed direction of magnetization) and an out-of-plane magnetized free layer, as
shown in Fig. 2.22(a). A special focus is put on modeling the motion of magnetization
in this kind of systems based on both GMR- and TMR-type multilayers.
In the hybrid geometry STNOs discussed here, the out-of-plane steady-state preces-
sion of the magnetization in the free layer can be induced while applying the DC current
across the layer stack and the magnetic field perpendicular to the plain of the multilayer
(as presented in Fig. 2.22(a)). According to Rippard et al. [52], for this geometry, one
can assume a circular magnetization precession trajectory around the OOP axis, with
a constant precession angle θ for a given applied current, neglecting all other magnetic
anisotropies, like a magnetocrystalline or an in-plane shape anisotropy (i.e., assuming
a circular cross-section of the nano-pillar).
STT-induced steady-state precession of the free layer magnetization, for both GMR
and TMR devices, can be described by the LLGS equation (2.13). To simplify, in
the case of fully metallic magnetoresistive structures, where the perpendicular torque is
significantly smaller compared to the in-plane STT component (see eq. 2.15 and 2.14),
a part of the LLGS equation containing T⊥ can be neglected [132, 133]. On the other
hand, in case of TMR structures (where the perpendicular component of the spin torque
is more significant), at the usable current range (corresponding to the breakdown volt-
age of around 1 V for 1 nm MgO), a magnitude of the perpendicular STT term is anyway
much smaller than the in-plane STT component and effective fields acting along z-axis.
Moreover, one can assume that in order to sustain stable precession, in the first simple
approximation, the in-plane STT and the damping torque have to balance each other
(see eq. 2.19), and T⊥ does not play a role in the process of sustaining dynamics itself.
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Figure 2.22: Hybrid geometry spin-torque oscillator: (a) STNO with marked direc-
tions of positive field and current (here, m and p vectors represent magnetization of
the free layer and the reference layer, respectively), (b) the principle of magnetization
precession (τ‖ - spin-transfer torque, τD - damping torque). For this configuration,
the steady-state precession around the z-axis occurs for positive applied current (i.e.,
for i > 0).
Thus, similarly to GMR-type multilayers, it is also usually neglected in calculations on
magnetization dynamics in hybrid geometry MgO-based STNOs (see ref. [58, 124]).
The crucial issue of the operation principle of hybrid geometry STNOs is that, fol-
lowing the vectorial products of LLGS equation, the in-plane component of STT sup-
ports the damping during one half of the precession trajectory, and opposes the damp-
ing on the other half (see Fig. 2.22(b)). Therefore, in order to reach the stabilization
of the magnetization precession, there should be some asymmetry in the sine-type de-
pendence of T‖ as a function of the angle between m and p vectors, which emerges
from the LLGS equation (2.13). In the case presented in Fig. 2.22(b), STT is larger
while approaching ϕ = 90◦ and smaller close to ϕ = 0◦ or ϕ = 180◦, thus, the spin-
transfer torque is supposed to overcome the damping torque for a positive direction of
the applied current.
GMR spin-torque nano-oscillators
Fig. 2.23 shows the experimental data obtained by Rippard and collaborators [52]
for the 70 nm diameter point-contact GMR-type STNO with discussed here hybrid
geometry (see inset in Fig. 2.23(a)). The structure consists of the Co90Fe10(20 nm)/
Cu(4.5 nm)/[Co(0.2 nm)/Ni(0.4 nm)]5 multilayer, where index refers to the number of
repetitions of the [Co(0.2 nm)/Ni(0.4 nm)] bilayer in the PMA free layer. Rippard
and collaborators reported large angle dynamics occurring only for the current po-
larity favouring the AP state (see a single frequency spectrum measured for positive
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current presented in inset of Fig. 2.23(b)), which is in agreement with the scheme in
Fig. 2.22(b). They also observed a decrease in the precession frequency with increasing
current (see Fig. 2.23(a)) and confirmed that the precession frequency increases with
the field according to the Kittel formula (not shown here). They measured a quasi-
exponential increase of the output power as a function of the applied current (see
Fig. 2.23(b)) and reported maximum output power of 0.67 nW.
Figure 2.23: Experimentally measured steady-state precession in the point-contact
STNO (with 70 nm diameter) with the hybrid geometry based on the CoFe/Cu/[Co/Ni]5
multilayer (index refers to the number of bilayer repetitions): (a) frequency versus cur-
rent, inset: sample scheme with marked a current-field convention; (b) output power
versus current, inset: single frequency spectrum measured for the current of 11.3 mA
and the field of 250 mT. Taken from [52].
Let us now go back to the theoretical interpretation of out-of-plane oscillations in
hybrid STNOs. The motion of magnetization in the free layer for spin-torque nano-
oscillators with hybrid geometry (see Fig. 2.22(a)), neglecting the perpendicular com-
ponent of STT (T⊥), can be described by the following equation [28]:
dm
dt
= −γ(Bext +Bk⊥mz)(m× nz) + α(m×
dm
dt
) + γT‖[m× (m× nx)]. (2.24)
Here, Bext is an external applied field, Bk⊥ = Bk −Ms is an effective out-of-plane
anisotropy (where Bk is a magnetic anisotropy field and Ms is a saturation magne-
tization), mz is the projection of the magnetization along the z-axis, nz and nx are
unit vectors along the z-axis and x-axis, respectively. For the GMR-type structures,
the current- and angle-dependent in-plane spin-transfer torque (TGMR‖ , expressed with
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the formula 2.14), includes the asymmetry factor defined as g = pΛ
2(
Λ2+1
)
+
(
Λ2−1
)
cosβ
[63]
(where β is the angle between m and pvectors). An asymmetry of the β-dependent
TGMR‖ term, occurring due to the spin accumulation at the interfaces in GMR struc-
tures [63], is responsible for an intrinsic asymmetry of the angular dependence of
the entire in-plane STT term in the LLGS equation. The magnitude of asymmetry
is defined with the factor Λ, and the asymmetry itself occurs only for Λ 6= 1 (see sec-
tion 2.3.5).
Figure 2.24: Numerically obtained current versus field dynamical state diagram for
hybrid geometry STNOs based of GMR multilayers. Colored scale represents the root-
mean-square of mx component of magnetization. Magnetic configurations are marked
with arrows (black arrows for dynamic states, white arrows for static states). Simulation
parameters: α = 0.025, Ms = 780 kA/m, V ol = 3nm · π(40nm)2, p = 0.35, Λ =
1.5, and Bk⊥ = 20mT . Modified from [132].
As it was demonstrated by Fowley et al. [132] and Arai et al. [133], the intrin-
sic asymmetry of TGMR‖ defined by Slonczewski [63, 64] stabilizes the out-of-plane
precession in the hybrid geometry GMR spin-torque oscillator for the current favour-
ing AP alignment of magnetizations (as shown in Fig. 2.22(b)), which is supported by
the experimental study of Rippard and collaborators [52] (see Fig. 2.23). They also
emphasized that the steady-state precession can sustained only for asymmetric angular
dependence of TGMR‖ , i.e. for Λ 6= 1.
As mentioned in section 2.3.3, stable oscillations can exist in the system, only if
the equation 2.19 is fulfilled. Solving that integral analytically leads to the linear de-
pendence between the external magnetic field, Bext, and the critical current driving
the out-of-plane dynamics, Ic, given by [133]:
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µ0Bext(Ic) = ±
~
4eαMsV ol
pΛ2(Λ2 − 1)2
(Λ2 + 1)
Ic ∓ µ0Bk⊥ . (2.25)
Here, top signs correspond to the limit of θ → 0◦ and bottom signs correspond to
θ → 180◦, respectively. According to this formula, the critical current for dynamics is
directly proportional to the external out-of-plane field.
Numerically determined phase diagram for hybrid geometry GMR STNOs obtained
by Fowley et al. [132] is shown in Fig. 2.24. The diagram shows dynamics intensity,
i.e. root-mean-square of x-component of the magnetization, as a function of current
and field. In agreement with the analytical solution of Arai et al. [133] and the ex-
perimental data by Rippard et al. [52] (Fig. 2.23), stable oscillations occur only for
the current favouring antiparallel alignment of the two magnetizations (here, for the
negative current). It is worth noting that this quasi-triangular dynamical region has
a gap in the dynamics at zero-field, which increases with increasing current, indicat-
ing a lack of stable dynamics without a presence of the external magnetic field. The
dynamical region in Fig. 2.24 can be also defined with straight lines (see dotted white
lines as a guide to the eye), which define the boundary between static states (represented
with white arrows) and dynamic states (see back arrows). These straight boundary lines
seems to be in agreement with the analytical solution by Arai et al. [133] (eq. 2.25).
TMR spin-torque nano-oscillators
Fig. 2.25 shows the experimental results reported by Kubota et al. [55] for the 120 nm
diameter MgO-based hybrid geometry STNO (see inset in Fig. 2.25(b)). The STNO is
based on of the Co60Fe20B20(3 nm)/MgO(1 nm)/FeB(2 nm)/MgO(1.1 nm) multilayer,
where the additional MgO(1.1 nm) layer is supposed to strengthen the perpendicular
magnetic anisotropy in the FeB free layer. Kubota and collaborators measured large
angle dynamics (see a single spectrum in inset of Fig. 2.25(b)) which, similarly to
the equivalent GMR-type structures (shown in Fig. 2.23(b)), occur only for the bias
voltage favouring the AP state (here, positive voltage). They also observed a decrease
in the precession frequency with the current (Fig. 2.25(a)) and the frequency increase
with the field (not shown here). They reported a quasi-exponential increase of the out-
put power with the increasing bias voltage (see Fig. 2.25(b)), similarly the equivalent
GMR STNOs (as shown in Fig. 2.23(b)). However, reported maximum output power
equal to 0.55µW [55] is three orders of magnitudes larger compared to the fully metal-
lic counterpart [52].
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Figure 2.25: Experimentally measured steady-state precession in the circular
cross section STNO (70 nm diameter) with the hybrid geometry consisting of
the CoFeB/MgO/FeB-type multilayer: (a) frequency and output power versus bias volt-
age; (b) output power versus bias voltage for the voltage polarity driving stable dynam-
ics, inset: single frequency spectrum measured for the voltage of -450 mV and the field
of 450 mT. Taken from [55].
In contrast to fully metallic GMR systems, in MgO-based MTJs, the magnitude of
STT is determined not by the current, but by the corresponding voltage across the bar-
rier [120]. Therefore, the motion of the magnetization m can be defined with the equa-
tion 2.24, excluding the perpendicular component of STT and including the voltage-
dependent (but independent on β) T‖ expressed with the formula 2.17. STT term of
the LLGS equation, indicates then a fully symmetric sine-type function on the angle
β between m and p vectors. According to this approach, stable precession is not sus-
tained in MTJ-based STNOs with hybrid geometry, due to the lack of an indispensable
angular asymmetry of T TMR‖ . However, since the stable OOP dynamics were experi-
mentally observed in the system discussed here (see Fig. 2.25), a mechanism governing
the stable precession still had to be defined.
The analytical explanation of stable dynamics in hybrid geometry MgO-based STNOs
was recently suggested by Taniguchi and collaborators [58]. They assumed that, in
some approximation, the in-plane STT term T TMR‖ can be defined as [58]:
T TMR‖ (β)
∗ =

2e
1
MsV ol
η
1 + η2 cos(β)
IDC , (2.26)
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Figure 2.26: Numerically obtained current versus field dynamical state diagram of
the hybrid geometry MgO-based STNO. Colored scale represents the root-mean-square
of mx component of magnetization. Magnetic configurations are marked with arrows
(black arrows for dynamic states, white arrows for static states). Simulation parame-
ters: α = 0.005, Ms = 1.82T , V ol = 2nm · π(30nm)2, η = 0.54, Λ = η2, and
Bk⊥ = 40mT . Modified from [67].
where IDC is the applied DC current, η is a dimensionless parameter introduc-
ing an intrinsic asymmetry (defined with the spin polarization of the material, p, and
the asymmetry factor, Λ) [58]. This approach is, in fact, equivalent to one suggested
for GMR structures (see eq. 2.14); mostly, due to similarly defined current-dependent
in-plane STT terms, and, in particular, identical mathematical definitions of the angle-
dependent T‖ component for both GMR and TMR cases.
Like for the fully metallic STNOs (see eq. 2.25), solving the integral 2.19 leads to
a similar linear relation between the external field and the critical current for out-of-
plane dynamics [58]:
µ0Bext(Ic) = ±
~
4eαMsV ol
η3Ic ∓ µ0Bk⊥ . (2.27)
Comparing solutions obtained for GMR- and TMR-type oscilators (eq. 2.25 and 2.27,
respectively), one can see that the only difference is a part containing the asymmetry
term, i.e. pΛ
2(Λ2−1)2
(Λ2+1)
for the GMR case and η3 for the TMR case. Consequently, general
features of the equivalent current versus field diagram for MTJ-based nano-oscillators,
shown in Fig. 2.26, are actually identical as above-presented numerical diagram for
the fully metallic STNOs (see Fig. 2.24).
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In our opinion, above presented explanation of the presence of stable out-of-plane
dynamics in hybrid geometry MgO-based spin-torque oscillators, where the angular
asymmetry of STT is defined with the formalism used so far only for metallic GMR
structures, is not fully appropriate. In the simulation part of this thesis (section 4.1), we
suggest a phenomenological and straightforward mechanism responsible for sustaining
the out-of-plane steady state precession in considered MTJ-based systems, simultane-
ously confirming obtained by us experimental results (see section 3.3.2).
3
Experimental
3.1 General characteristics of MgO-based magnetic tun-
nel junctions
The simplest magnetic tunnel junction consists of two transition metal layers sepa-
rated by a tunnel barrier (like shown in Fig. 2.2). However, in reality, the TMR effect
(i.e., different resistances for the P and the AP configurations) can only be observed if
the coercivities of the two FM layers are different, i.e. if the layers can be switched in-
dependently. If the two magnetic layers consist of the same material (e.g., Fe), different
switching fields can be achieved by varying layer thicknesses, and thus the magnetic
volumes of the layers. In the case of asymmetric junctions, where the FM electrodes
are made of different materials (e.g., Fe and magnetically softer NiFe alloy), the mag-
netic volume of the layers can remain similar, since the difference in coercivities is
introduced through their different nature.
Fig. 3.1 shows the geometry and the composition of the magnetic tunnel junc-
tion currently used for most applications. The magnetoresistance effect occurs here
in the FM1-barrier-FM2 part of the system. Magnetization switching or dynamics typ-
ically occur in the free layer FM1, thus the FM1 magnetization is required to be more
susceptible to current/field effects than FM2. The reference layer, FM2, also called
"fixed" or "readout" layer, is separated from the free layer by the tunnel barrier. Since
FM2 introduces undesirable stray field acting on FM1, in most cases, an additional FM
layer (FM3) coupled antiferromagnetically to FM2 is used. Generally, the magnetic
moments of FM2 and FM3 roughly compensate, thus minimizing the stray field on
the free layer, and the coupling itself additionally weakens the susceptibility of FM2 to
external magnetic fields. To achieve such coupling, the exchange interaction via a Ru
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layer with the proper thickness can be exploited [134].
The lack of the stray field acting on the free layer is desirable from the point of view
of data storage applications (see section 1.2), since it leads to centering of the magne-
toresistance loop with respect to the applied field. Such switching loop enables to store
a bit of data ("0" or "1" corresponding to the P and the AP states, respectively) in the
absence of external magnetic field (see Fig. 1.4(c)), as well as to equalize critical volt-
ages for the switching from the P to AP state and vice versa (see the switching loop in
Fig. 2.19(b)).
Figure 3.1: Schematic geometry and the composition of the typical magnetic tunnel
junction nano-pillar.
The magnetic anisotropy of the FM2-spacer-FM3 system, called "Synthetic Antifer-
romagnet" (SAF), is additionally strengthened by the exchange bias occurring between
FM3 and an antiferromagnetic (AFM) layer placed underneath [135, 136]. In order
to obtain a properly oriented exchange bias in the FM3-AFM system, tunnel junctions
have to be annealed at external magnetic fields (usually 0.8 - 1 T) and above the Néel
temperature of the AFM [136–138], which temporarily brings the antiferromagnet to
the paramagnetic state. Since FM2 is usually amorphous and, thus, the barrier grown
on top crystallizes in the (001) direction, the annealing process simultaneously enables
the crystallization of an amorphous CoFeB into the bcc (001) structure of the MgO. As
already mentioned, the crystallization of CoFeB takes place via diffusion of B atoms
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to the adjacent layers [72–74], and results in a significant improvement of the TMR
ratio [83–86], which is highly desirable for applications.
For the MTJ presented in Fig. 3.1, the typically used annealing temperature is
around 350◦C [83–86]. The annealing temperature is usually optimized in order to
maximize TMR ratio, i.e. to achieve the highest crystallinity of the CoFeB/MgO/
CoFeB trilayer. As demonstrated by Choi and collaborators [85], while increasing
the annealing temperature, the degree of the crystallographic ordering and, thus, also
the TMR ratio initially gradually increase. Then, for temperatures above a certain
threshold value (360◦C), the magnitude of the TMR ratio drops down due to diffu-
sion of Ru into CoFe (FM3) and CoFeB (FM2) layers, resulting in the deterioration of
the SAF structure.
Figure 3.2: Interlayer exchange coupling at room temperature measured for epitax-
ial Fe(001)/MgO(001)/Fe(001) multilayers. Inset: sample composition. Modified
from [139].
An important issue of MTJs is also the thickness of the tunnel barrier. Increasing
the barrier thickness yields an overall increase of the resistance (bothRAP andRP ), and
may bring a slight increase of the TMR itself [70]. However, using thicker barriers leads
to a decrease in the tunneling current, making spin-torque driven phenomena harder to
observe. Moreover, in order to achieve a good impedance matching to most electronic
circuits, the resistance of junctions should also not be much higher than 50 Ω. Thus,
for typical junction cross-sections with around 100 nm diameter, the barrier thickness
usually does not exceed 2 nm.
The barrier thickness also defines the type of interlayer exchange coupling between
the free layer and the reference layer in MTJs. According to the theoretical calcu-
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lations of Faure-Vincent et al. [140] (based on the Slonczewski’s spin-current theory)
and their experimental results, in Fe/MgO/Fe structures, the antiferromagnetic coupling
for the MgO thicknesses below 0.8 nm is followed by relatively weak ferromagnetic
coupling for 0.8-1.5 nm. These results were also experimentally and theoretically con-
firmed by Katayama et al. [139] (see the experimental results in Fig. 3.2), whose Ab
initio calculations explained the antiferromagnetic-to-ferromagnetic coupling transition
by the presence of oxygen vacancies in the MgO barrier.
Therefore, a typical Fe(001)/MgO(001)/Fe(001)-type MTJ usually remains the par-
allel state at zero applied field (i.e., FM coupling through the MgO spacer), unless
the composition of the multilayer is designed in the way which reduces the strength of
the coupling through the barrier. As already mentioned, this compensation of the cou-
pling field is especially desirable for data storage applications, since it leads to the cen-
tering of the switching loop with respect to the applied voltage [47, 59, 141].
3.2 STNO samples
In order to make experimental results more reliable and general, experiments were
conducted on equivalent samples, obtained from two independent sources:
1. The Spintronics Research Center, National Institute of Advanced Industrial Sci-
ence and Technology (AIST, Tsukuba, Japan) - courtesy of Prof. Shinji Yuasa
and Dr. Akio Fukushima, who supplied fully patterned STNO samples, as well
as corresponding unpatterned thin film wafers for material characterizations.
2. The Helmholtz-Zentrum Dresden - Rossendorf (HZDR, Dresden, Germany) -
on-site. STNO samples were patterned from MTJ multilayers deposited by SIN-
GULUS TECHNOLOGIES AG (Kahl am Main, Germany).
All investigated samples include an in-plane magnetized CoFeB reference layer
and an appropriately thin out-of-plane magnetized CoFeB free layer, where the OOP
anisotropy originates from the interface with the MgO tunnel barrier (see section 2.2.2.3).
In order to explore the influence of an additional in-plane shape anisotropy on magne-
tization dynamics in the free layer, MTJs with different ellipticities of the nano-pillar
cross-section were measured.
This section contains details on the samples composition, deposition techniques
and patterning procedures of STNOs. Since the sample fabrication realized on-site (in
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the clean-room facilities of HZDR) was one of the main tasks within the PhD time
frame, the developed process is described in more detail compared to the samples from
AIST.
3.2.1 Samples by AIST (Tsukuba, Japan)
3.2.1.1 Samples composition
MTJ multilayers from AIST were deposited on thermally oxidized (100)Si with a CANON
Anelva C-7100 cluster-type multi-module sputtering machine. The stack composition
of the STNO samples was the following (thicknesses in nm): Si/SiO2 substrate/ Ta(5)/
CuN(20)/ Ta(5)/ Ru(5)/ IrMn(7)/ Co70Fe30(2.5)/ Ru(0.85)/ Co20Fe60B20(2.8)/ MgO(1)/
Co20Fe60B20(1.3-2.2)/ Ta(7)/ Ru(7)/ Cr(5)/ Au(200). Here, CuN(20) plays the role of
the bottom electrode, IrMn(7) is the antifferomagnet (see AFM in Fig. 3.1), Co70Fe30
(2.5) is the FM layer exchanged biased to AFM (FM3 in Fig. 3.1), Co20Fe60B20(2.8) is
the reference layer (FM2 in Fig. 3.1) coupled antiferromagnetically to FM3, Ru(0.85)
is the spacer layer providing the AFM interlayer exchange coupling between FM3
and FM2 for this particular thickness (i.e., 0.85 nm), MgO(1) is the tunnel barrier,
Co20Fe60B20 is the free layer (with thicknesses in the range of 1.3-2.2 nm), and Cr(5)
/ Au(200) is the top contact (deposited at the end of the patterning process, see sec-
tion 3.2.1.2). Ta and Ru are used as seed and capping layers.
The collaborators from AIST fabricated arrays of STNO devices on the silicon sub-
strates. They supplied fully patterned wafers, as well as equivalent unpatterned multi-
layers for material characterizations, with different thicknesses of the CoFeB free layer,
i.e. 1.3 nm, 1.5 nm, 1.7 nm, 1.9 nm and 2.2 nm.
As mentioned in section 2.2.2.3, Fe-based thin films, with thicknesses of the order
of several nm, exhibit an in-plane magnetic anisotropy. However, due to the vicinity
of the MgO layer, an additional component of anisotropy which is perpendicular to the
plane, is induced at the Fe-MgO interface. Thus, in order to find the actual magnetic
states in our STNO samples, the magnetic properties of the unpatterned wafers were ex-
perimentally investigated. According to the results presented in Appendix section, the
anisotropy of the free layer gradually changed between in-plane for the thickest CoFeB
films (2.2 nm), where the contribution from the interface is lower than the demagne-
tizing field, up to dominating out-of-plane anisotropy for the thinnest films (1.3 nm),
where the magnetization is canted towards the OOP direction (specifically, tilted by
42◦ from the normal to the plane; see Appendix section). In fact, the samples with
62 3. Experimental
free layers of 1.5 nm, 1.7 nm, 1.9 nm and 2.2 nm are found to exhibit fully in-plane
anisotropy. The direct effect of the OOP anisotropy is observed only in the sample
including the thinnest CoFeB free layer of 1.3 nm (see sample scheme in Fig. 3.3(c));
thus, in the subsequent parts of the thesis, the results obtained for the STNO devices
based on this particular multilayer will be presented.
Figure 3.3: STNO samples fabricated in the AIST. (a) Scheme of the entire
(25×25)mm2 wafer with marked regions containing nano-pillars with different sizes
of the elliptical cross-sections. Regions: A, B - (50×250)nm; C, D - (40×160)nm;
P - (70×210)nm; R - (50×200)nm; S - (90×270)nm; Q - (70×280)nm. (Numbers
represent lengths of the shorter and the longer axes of ellipses.) These regions refer to
the aspect ratios of the ellipses (fraction of the shorter and the longer axes) of 5, 4, 3,
and 2, respectively. (b) An optical image of a single MTJ device with the top contact
(TC) and the bottom contact (BC) areas, corresponding to signal (S) and ground (G)
contact in the electrical measurements, respectively. (c) A scheme of an elliptical cross-
section nano-pillar, including the stack composition and marked direction of a positive
current and corresponding electron flow. Courtesy of S. Yuasa and A. Fukushima.
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Our collaborators from the AIST fabricated arrays of STNO devices on the sili-
con substrates. A scheme of such a wafer with patterned nano-pillars with elliptical
cross-sections is shown in Fig. 3.3(a). A variety of ellipticities of the cross-sections
enabled us to additionally investigate the influence of the in-plane shape anisotropy on
STNO dynamics (as described in the caption of Fig. 3.3, the regions of different nano-
pillar sizes are marked in Fig. 3.3(a) with capital letters). STNO devices with the same
composition but circular nano-pillar cross-sections were also fabricated and measured.
However, due to some problems with the patterning process, their breakdown voltages
reached only up to 0.4 V (compared to around 0.7 V for the elliptical samples shown
in Fig. 3.3(a)), thus, making the output signal of the observable dynamics too weak for
further analysis.
Fig. 3.3(b) shows an optical microscope image of a single MTJ device with the cor-
responding electrical contacts. The top contact (TC) and the bottom contact (BC) en-
able the electrical current to pass through the nano-pillar (placed in the crossing of
TC and BC), perpendicular to the sample planes. During electrical measurements, pi-
coprobes of GSG-type (ground-signal-ground) were used, thus, a positive current in
the experiment refers to the current flowing from the top to the bottom of MTJ (i.e.,
electrons flow from the reference to the free layer).
3.2.1.2 Patterning of STNO devices
The nano-pillars fabrication process was realized by the group of Dr. Akio Fukushima
at AIST. In order to set the exchange bias in the SAF and enable the crystallization of
amorphous CoFeB layers, after the deposition, multilayers were annealed for 1 hour at
the temperature of 300◦C in an external magnetic field of 1 T.
Patterning of the bottom contact
The patterning process starts from the UV lithography of the bottom contact area.
UV lithography [142] (optical lithography/photolithography) is a process utilized in or-
der to pattern the thin film deposited on a substrate. In this process, with the use of
ultraviolet (UV) radiation, the desired geometric pattern is transferred from the pho-
tomask (i.e., a transparent quartz substrate with a thin layer of chromium pattern) onto
the substrate, which is at this step uniformly covered with a thin layer of a specific
light-sensitive material (photoresist). The main advantage of the photolithography is
a short patterning time, since the exposure of the entire wafer takes only few sec-
onds. However, due to diffraction effects and the limitation of the resolution only
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down to the wavelength (i.e., around 400 nm), for the patterning of sub-micron fea-
tures, the other lithography techniques need to be used.
In the process of the bottom contact lithography (see the bottom contact area marked
with "BC" in Fig. 3.3(b)), the properly preprocessed wafer (cleaned and preannealed)
is uniformly covered with a thin layer of photoresist. In this particular process, a "bi-
layer resist" method was used, i.e. before the substrate was covered with the proper
photoresist (in this case, AZ6124), a lift-off layer (LOR3A) was first applied. Then,
with the use of UV light, the pattern of the photomask (i.e., the pattern of "BC" area
in Fig. 3.3(b)) is transferred on the substrate, modifying the exposed areas of the resist.
In the subsequent step, the wafer is treated chemically with a proper developer, which,
depending on the type of resist (positive or negative), removes either the exposed or
the unexposed areas of the photoresist layer (see Fig. 3.4). In this particular process,
the sensitive to the UV radiation AZ6124 resist remained only in the irradiated area;
simultaneously, the easily solvable LOR3A lift-off layer can be slightly underetched
during the developing time, if this time is properly optimized. At this point, additional
layers, which will then undergo the lift-off process, can be deposited on the substrate,
or material can be etched from the wafer. One of the anvantages of the bi-layer resist
method is a well-defined edge of either the deposited material or the substrate material
left after the etching process.
Figure 3.4: The comparison of the two types of lithography resists: the positive resist
(on the left), where the material from an irradiated area is removed, and the negative
resist (on the right), where the material from an unexposed area is removed.
In the subsequent fabrication steps of the AIST process, the substrate containing
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the resist pattern was etched using reactive ion beam etching, RIBE (used parameters:
ion beam current of 80 mA, acceleration voltage of 250 V). Then, 150 nm of SiO2 was
deposited on the substrate. Within the last step of the optical lithography, the photoresist
and the lift-off layer were chemically removed, together with the deposited material,
leaving the SiO2 layer only in the areas previously uncovered with resist.
Patterning of the nano-pillar
The next step of the fabrication process was the lithography of the MTJ nano-
pillar. Since the maximum resolution of the photolithography process goes only down
to the wavelength of the UV radiation, for the patterning of nano-pillars (of the or-
der of 100 nm), the electron-beam lithography (EBL) was used (with a resolution of
10 nm, or even better) [142]. During the e-beam lithography process, the desired pat-
tern is being directly drawn on an electron-sensitive resist covering the substrate (in
this case, a 350 nm-thick layer of "Tokyo-oka TGMR3.6cp" negative resist) with a fo-
cused electron beam. In the subsequent developing process, depending on the type of
resist (positive or negative), either the exposed or the unexposed areas of the EBL resist
are removed (see Fig. 3.4). In this case, the negative EBL resist was removed from
an unexposed area.
Figure 3.5: Signal from the SIMS detector versus time, collected during the process of
Reactive Ion Beam Etching. The detected signals show the composition of the etched
layers (corresponding to the stack shown in Fig. 3.3(c)). The signal from a reference
Si wafer, etched together with the multilayer, shows the 2 min. interval of the angle
changing between 15◦ and 75◦.
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In the next steps, the substrate with the resist pattern (containing the nano-pillars
and the contact pads areas) was etched using the RIBE technique (used parameters: ion
beam current of 60 mA, acceleration voltage of 200 V). During the etching, the inci-
dent angle of the beam was changed every 2 min. between 15◦ and 75◦ (where 0◦ is
the direction normal to the film plane), which enabled a gradual side-wall cleaning for
a large angle of 75◦ of the incident ion beam (i.e., when the ion beam etches the walls of
the nano-pillar). Spectra of secondary ion mass spectrometry (SIMS) measured during
the etching process are shown in Fig. 3.5.
After the ion milling, a 150 nm SiO2 layer was deposited on the chip. The EBL
resist was then chemically removed, together with the deposited SiO2, leaving the SiO2
everywhere except on the nano-pillars.
Patterning of the top contact
To fabricate the top contact, a Cr(5 nm)/Au(200 nm) bilayer was first deposited.
Then, the bilayer was patterned into the "TC" area (see Fig. 3.3) using the photolithog-
raphy process described in the section of the bottom contact patterning (bi-layer method
with LOR3A and AZ6124 resists) and reactive ion beam etching, which led to removal
of the metallization from the outside of the "TC" area (used parameters: ion beam
current of 80 mA, acceleration voltage of 250 V).
The nest step was the deposition of a 150 nm SiO2 layer; the optical resist was then
chemically removed, together with the resist, the lift-off layer and the deposited SiO2,
leaving SiO2 only in the area ouside the top contact (i.e., the Cr(5 nm)/Au(200 nm)
bilayer).
3.2.2 Samples by HZDR / SINGULUS (Dresden / Kahl am Main,
Germany)
3.2.2.1 Sample characteristics
MTJ mutilayers, used by for the on-site fabrication of nano-pillars (at HZDR), were
deposited on silicon wafers by SINGULUS TECHNOLOGIES AG (Kahl am Main,
Germany) [143], which specializes in sputtering of high quality thin films for a large
range of applications. The deposition of the multilayers was performed by RF and DC
sputtering using a TIMARIS deposition tool [143]. The multilayers were postannealed
for 1 hour at 315◦C in a field of 1 T, in order to set the exchange bias of the SAF and
enable the crystallisation of the amorphous CoFeB layers.
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Figure 3.6: STNO samples patterned in the HZDR, deposited by the SINGULUS Tech-
nologies AG. (a) Scheme of the entire (10×10)mm2 wafer with marked regions of dif-
ferent MTJ cross-sections (i.e., different ellipticities). (b) An optical image of a single
MTJ with the top contact (TC) and the bottom contact (BC) areas, corresponding to
the signal (S) and ground (G) contacts in the electrical measurements, respectively.
(c) A scheme of a single nano-pillar with the stack composition and marked directions
of the positive current and the corresponding electron flow.
The stack composition is following (thicknesses in nm): Si/SiO2 substrate/ Ta(5)/
CuN(30)/ Ta(3)/ PtMn(20)/ Co70Fe30(2.1)/ Ru(0.85)/ Co20Fe60B20(2.6)/ MgO(0.95)/
Co20Fe60B20(1.2)/ Ru(7)/ Ta(5)/ Cr(5)/ Au(125). Here, CuN(30) is the bottom elec-
trode, PtMn(20) is the antifferomagnet (AFM in Fig. 3.1), Co70Fe30(2.1) is the FM
layer exchanged biased to the AFM (FM3 in Fig. 3.1), Co20Fe60B20(2.6) is the refer-
ence layer (FM2 in Fig. 3.1) coupled antiferromagnetically to FM3, Ru(0.85) is the
interlayer providing the AMF coupling between FM3 and FM2, MgO(0.95) is the tun-
nel barrier, Co20Fe60B20(1.2) is the free layer, and Cr(5) / Au(125) is the top contact
(deposited at the end of the patterning process, see section 3.2.2.2). Ta and Ru are used
as capping layers, and Ta is additionally used as seed layer.
A 1.2 nm-thick CoFeB free layer is expected to exhibit out-of-plane effective anisotropy
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due to the contribution from the interface with the 0.95 nm-thick MgO. It is worth not-
ing that the free layer was thinner compared to the investigated multilayer from AIST,
where the Co20Fe60B20 free layer with dominating out-of-plane anisotropy is 1.3 nm-
thick.
A scheme of the STNO wafer is shown in Fig. 3.6(a). Similar to samples from AIST
(see section 3.2.1), every fabricated chip consists of MTJs with a variety of ellipticities
of the nano-pillar cross-sections (however, including also the circular cross-sections),
in order to observe the effect of the in-plane shape anisotropy on the magnetization
dynamics driven by electrical currents.
An optical microscope image of a single device with the corresponding electrical
contacts is shown in Fig. 3.6(b). Like in the case of AIST samples, positive current
corresponds to electrons flowing from the top to the bottom of the junction, i.e. elec-
trons flow from the reference to the free layer (from the top contact, TC, to the bottom
contact, BC).
3.2.2.2 Patterning of STNO devices
The patterning of the STNO nano-pillars was realized in the Helmholtz-Zentrum Dres-
den - Rossendorf. Similarly to the AIST samples, the entire process consists of three
main parts: 1) "bottom contact", 2) "nano-pillar", and 3) "top contact". All the steps
of the STNO patterning are presented schematically in Fig. 3.7. Optical microscope
images of the junction area (at the crossing of top and bottom contacts) are shown in
Fig. 3.8.
Patterning of the bottom contact
The patterning starts with the optical lithography of the bottom contact area (see
the "BC" region in Fig. 3.7(a)). Similarly to the fabrication process of AIST samples,
the bi-layer technique for the patterning of the top and bottom contacts was used. First,
the preprocessed wafer (i.e., cleaned with Acetone (5 min. in Ultrasonic (US) Bath),
Iso-propanol, and dried with the nitrogen), was uniformly coated with thin layers of
the LOL2000 lift-off layer using a spin-coater at the spinning speed of 4 000 rpm for
30 sec. In order to harden the resist layers (via the water evaporation), the wafer was
annealed in air on a hot plate at 140◦C for 5 min. Then, the wafer was coated with
the S1813 positive photoresist, using the same spinning conditions as the LOL2000
lift-off layer, and annealed in air on a hot plate at 110◦C for 2 min.
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Figure 3.7: Schematic images of the STNO sample during the patterning process:
top view (the first column), and cross-sections (from the second to the fifth column).
The process consists of three main parts: the fabrication of "bottom contact" (a), "nano-
pillar" (b), and "top contact" (c). Each part includes several fabrication steps shown in
the first row (5 steps), the second row (5 steps), and the third row (4 steps), respectively.
Subsequently, the pattern of the "MTJ Bottom-Contact" (Fig. 3.7(a)) is transferred
from the photomask to the substrate using a mask aligner. A 3 second exposure to
the UV radiation of the mercury lamp (with the wavelength of 365 nm, i-line) modified
the areas of the resist outside the BC region. In the subsequent development process,
the wafer was treated for 45 sec. with MF319 developer, removing the unexposed areas
of the positive photoresist (see Fig. 3.4). Simultaneously, the easily solvable LOL2000
lift-off layer was totally dissolved, and only slightly underetched underneath the resist
during the properly optimized developing time. The sample was then removed from
the developer and rinsed with deionized (DI) water for around 60 sec., and dried with
nitrogen (see Fig. 3.8(a)).
The wafer covered by the desired resist pattern was etched down to the substrate
(i.e., oxidized silicon wafer Si/SiO2) using "Roth&Rau, IonSys 500" Reactive Ion Beam
Etcher (used parameters: etching angle of 45◦, ion beam current of 210 mA, accelera-
tion voltage of 200 V). During the process, the entire stack was etched around the area
of the lithographically defined shape of the bottom contact (see Fig. 3.8(b) and
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Figure 3.8: Optical microscope images of a single STNO device (i.e., a top view of
the nano-pillar area, in the crossing area of the top and the bottom contacts) with marked
type of material of the top layer: (a) after the UV lithography of the bottom contact,
(b) after ion beam etching down to the Si substrate (around the bottom contact area),
(c) after the lift-off of the SiO, (d) after the UV lithography of the top contact, (e) after
the deposition of the top metallization (i.e., a Cr/Au bilayer), (f) after the lift-off of
the top metallization (a Cr/Au bilayer).
Figure 3.9: Signal from the SIMS detector versus time, collected during the etching
down to the Si substrate. Vertical solid line indicates the beginning of the etching
process (time of 1:00). The etching of the area around nano-pillars was stopped in
the middle of MgO barrier (marked with a dashed line) to minimize magnetostatic
coupling between the layers.
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the SIMS spectra in Fig. 3.9). After the etching process, 100 nm of SiO was de-
posited by thermal evaporation, using a "LAB 500" system (parameters: deposition
rate of 0.5 nm/sec., pressure of 1.5 · 10−6 Torr). Then, in the lift-off process, the pho-
toresist and the deposited oxide layer are removed with Acetone (30 min. in US Bath);
the lift-off layer was dissolved with 1165 remover (5 min. in US Bath).
All the material depositions during the patterning process, i.e. the SiO layers and
Cr/Au bilayers, were done by Mr. Bernd Scheumann from the division of Process
Technology and Devices from the Helmholtz-Zentrum Dresden - Rossendorf.
Patterning of the nano-pillar
During the EBL process, the pattern containing the pillars and contact pads (see
black areas in Fig. 3.7(b)) was being directly drawn on the preprepared wafer with
a focused electron beam using "Raith 150 TWO" machine. The wafer was covered
with maN 2403 negative EBL resist, spinned with the speed of 4 000 rpm for 30 sec.
For the EBL exposure, there were used following parameters, optimized in terms of
the size of the pattern:
Pillar size: 100 nm, 120 nm, and 140 nm
Beam: 30µm (aperture) / 30 kV (acceleration voltage) / 9 mm (working distance)
Dose: 200µC/cm2
Step size: 0.012µm
Writefield: 25µm
Pillar size: 160 nm, 180 nm, and 200 nm
Beam: 30µm / 30 kV / 9 mm
Dose: 180µC/cm2
Step size: 0.012µm
Writefield: 25µm
50µm × 200µm contact pads
Beam: 120µm / 30 kV / 9 mm
Dose: 100µC/cm2
Step size: 0.07µm
Writefield: 500µm
After the e-beam exposure, the negative maN2403 resist was removed from the un-
exposed area using the D525 developer for 60 sec.; then, the wafer was rinsed for 60 sec.
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with DI water, and finally blow-dried with nitrogen. The sample containing the resist
pattern (i.e., the nano-pillars and the contact pads areas ensuring contact to the bottom
electrode in the final device, see Fig. 3.7(b)) was etched down to the MgO layer with
the RIBE (used parameters: etching angles of 5◦ and 85◦, ion beam current of 210 mA,
and the acceleration voltage of 200 V). During the process, the incident angle of the ion
beam was equal to 5◦ during the actual etching process, and 85◦ for the last 1-2 min to
ensure side-wall cleaning (here, 0◦ is the direction normal to the film plane). The SIMS
spectrum of the etching process is shown in Fig. 3.9. The reason of stopping the etch-
ing at MgO layer is to minimize the stray fields from the reference layer by leaving it
extended.
Figure 3.10: Scanning Electron Microscope images of: (a) successfully lifted-off circu-
lar nano-pillar with visible grains of the top layer of Ta (on the left), and not lifted-off
nano-pillar (on the right) with a visible plane white area of resist (image taken during
the nano-pillar lift-off process, see the step (10) in Fig. 3.7(b)), (b) 4µm-wide crossing
area of the top and the bottom contacts with a lifted-off elliptical junction in the center
(image taken after the lift-off of the top metallization, see the step (14) in Fig. 3.7).
Subsequently, 20 nm of SiO was deposited by thermal evaporation. Then, the SiO
layer and the EBL maN2403 resist were removed from exposed areas of nano-pillars
and contact pads. Although the contact pads area were easily lifted-off with Acetone
in the US Bath at 50◦C for 60 min., the removal in the nano-pillar area was much more
difficult, since the thickness of the resist layer and the dimensions of the patterned
feature are similar (both in order of 100 nm). Therefore, the sample had to be kept in
80◦C hot 1165 remover in the US Bath even as long as 9 hours. During the lift-off,
the US Bath was interrupted every one hour to monitor the progress using the dark field
mode of an optical microscope. In order to remove possible resist leftovers, oxygen
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plasma cleaning was additionally conducted. Scanning Electron Microscope (SEM)
images showing results of the lift-off process are presented in Fig. 3.10.
Figure 3.11: Transmission Electron Microscope cross-section images of the circular
nano-pillar with 200 nm diameter: (a) the entire nano-pillar area, (b) the image showing
individual layers, (c) the high resolution image of the junction multilayer implying
high crystallinity of the CoFe/Ru/CoFeB/MgO/CoFeB multilayer (marked with a white
box). Images taken by Dr. René Hübner.
Transmission Electron Microscope (TEM) cross-section images of the circular nano-
pillar with 200 nm diameter are presented in Fig. 3.11. Fig. 3.11(a) shows the entire
junction area. The actual nano-pillar consists of the Ta/Ru/CoFeB trilayer (see also
the layers description in Fig. 3.11(b)), which confirms that the etching process was in-
deed stopped in the MgO tunnel barrier (like shown in Fig. 3.9). The junction size
was also as expected. The lithographically defined area of 200 nm diameter of the top
of the junction is increasing up to 250 nm while approaching the bottom of the pillar,
i.e. close to the interface with the MgO layer. In order to make the nano-pillar edges
steeper, one could try to increase the time of side-wall cleaning during the RIBE pro-
cess, and/or make a more gradual cleaning using the described interval technique, com-
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bining the etching with a regular large angle with the side-wall cleaning at small angle
(like the etching process used by the collaborators from AIST, see Fig. 3.5). The high
resolution TEM cross-section image of the junction (Fig. 3.11(c)) shows high crys-
tallinity of the CoFe/Ru/CoFeB/MgO/CoFeB multilayer, in particular within an area
marked with a white box.
Patterning of the top contact
In order to pattern the top contact, a similar lithography process as for the bottom
contact step (described above) was conducted; only using a different photomask, named
"MTJ Top-Contact" (see Fig. 3.7(c)). After thermal evaporation of the top metalliza-
tion, i.e. a Cr(5 nm) layer and an Au(125 nm) layer, the resist and the metallization were
removed with Acetone (30 min, US Bath) from unexposed areas of the wafer (outside
the "TC" area - see Fig. 3.7(c)). In the thermal evaporation process, the following pa-
rameters were used: deposition rates of 2-3 nm/sec for Cr and 5 nm/sec for Au, pressure
of 1.5 · 10−6 Torr.
3.3 Magnetotransport measurements
The main goal of the experimental part of this thesis was to investigate the effect of
external fields and applied DC currents on the dynamical states of hybrid geometry
MgO-based spin-torque oscillators. To this end, both static and dynamic characteri-
zations of the nano-pillars were conducted. The experimental results are presented in
this chapter. The end of the chapter summarizes our preliminary conclusions. The next
chapter focuses on analytical and numerical modeling which, via the comparison with
the experimental results, eventually led to the final conclusions.
3.3.1 Experimental setup and data analysis
A scheme of the experimental setup is shown in Fig. 3.12. In order to identify the mag-
netic states in the free layer at given applied fields (perpendicular to the sample plane
and in the sample plane, i.e. along the z-axis and x-axis, respectively; see the scheme
of the nano-pillar in Fig. 3.12), a small DC current of max. 100µA was passed through
the MTJ, and the resulting resistance variations was measured. In this way, the static
characterizations of the samples were obtained.
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Once applied DC currents reach mA, the polarized current acting on the free layer
via the spin-transfer torque results in the large angle steady-state precession, leading
to the generation of the AC magnetoresistance and thus a radio-frequency voltage.
The magnitude of the generated RF voltage scales with the precession angle θ (marked
in a scheme of the STNO nano-pillar in Fig. 3.12), where the maximum angle of θ = 90◦
yields the largest TMR variation (between the P and AP states) and, thus, maximizes
the amplitude of the generated RF voltage.
Figure 3.12: Schemes of the experimental setup and the sample geometry. Main parts of
the setup: electromagnet, spectrum analyzer, nanovoltmeter, current source. The sam-
ple scheme shows the magnetic configuration of the MTJ (where magnetization di-
rections are represented by the black arrows). The xyz axes of Cartesian coordinate
system are marked with gray arrows. Currents and fields are applied in the direction
perpendicular to the sample plane (i.e., along the z-axis). The long axis of the elliptical
cross-section of nano-pillars is aligned with the x-axis. Upon applied DC currents in
the order of mA, the free layer magnetization precesses around the OOP direction set
by the effective field, which results in an alternating TMR, and thus the generation of
the RF voltage.
The AC voltage across the junction is detected by the spectrum analyzer. This
device analyzes the input signal in the frequency domain, i.e. measures the magnitude
of a portion of the input signal filtered by a band-pass filter for a given center frequency
with the resolution band width characteristic for a given spectrum analyzer (in this
case, 3 MHz). The frequency is swept within a defined frequency range, limited by
the operation frequency of the spectrum analyzer (in this case, from 3 Hz up to 50 GHz),
by the internal voltage-controlled oscillator of the analyzer.
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Figure 3.13: Experimental setup: (a) general view, (b) electromagnet, (c) sample holder
with picoprobes. Components of the setup: 1. Electromagnet supplied by the Kepco
power supply (not shown), 2. Spectrum analyzer, 3. Nanovoltmeter, 4. Current source,
5. Teslameter, 6. PC with the Labview program, 7. Optical microscope and the digital
camera, 8. Electromagnet, 9. Rotatable sample holder, 10. Picoprobes with coaxial
frequency cables, 11. Rotatable mirror, 12. Sample.
A photograph of the experimental setup is shown in Fig. 3.13 (a). The electromag-
net (1) provides DC magnetic fields up to 1.5 T for fields applied in the sample plane.
Since a rotation of the sample holder by 90◦ brings about an increase of the minimum
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distance between the pole pieces of the electromagnets, the field applied perpendicu-
larly to the sample plane reaches only up to 0.8 T. The actual magnitude of the field
is measured with the teslameter (5). The sample holder (9) can be rotated with 0.1◦
precision, so that the angle between the sample plane and and the external field can be
precisely adjusted. The STNO sample is connected to the circuit via high frequency
GSG-type picoprobes (10). The current source (4) enables to apply small currents,
even down to 2 nA. The voltage and the resistance across the sample is measured with
the nanovoltmeter (3).
An important component of the setup is the bias tee (see Fig. 3.12), which is a mul-
tiplexer with three ports arranged in a "T" shape, thus separating the RF component of
the electrical signal (see the part containing a capacitor) which is then sent to the spec-
trum analyzer (2), simultaneously allowing for a DC bias to be applied to the sample
(see the part containing a coil).
A precise connection of tips of the picoprobe with the top and bottom contacts
of the sample is possible using an optical microscope and a digital camera (7) placed
above the sample holder. In order to contact the sample rotated by 90◦ with respect to
the field (i.e., in the configuration where the field is perpendicular to the sample plane),
we used a rotatable mirror (11).
Short characteristics of the setup components:
1. Electromagnet: in-plane field of (-1.5,1.5)T, out-of-plane fields of (-0.8,0.8)T.
2. Kepco Power Supply BOP 36-28MG: DC voltage range of (-36,36)V, DC current
range of (-28,28)A.
3. Agilent Spectrum analyzer PXA N9030A: frequency range: 3 Hz - 50 GHz; in-
ternal preamplifier: +20 dB gain between 9 kHz to 3.6 GHz, +35 dB gain be-
tween 3.6 kHz to 26.5 GHz, +40 dB gain between 26.5 kHz to 50 GHz; resolution
bandwidth: 1 Hz - 8 MHz; average noise level: -164 dBm (1-10 MHz and 3.5-
8.4 GHz), -165 dBm (10 MHz-2.1 GHz), -163 dBm (2.1-3.6 GHz) with preampli-
fier on.
4. Bias tee BT4000: frequency range of 30 kHz - 40 GHz, insertion loss: 1.5 dB,
max. DC current: 250 mA.
5. Keithley 2182A Nanovoltmeter: resolution of 1 nV (10 mV range), 10 nV (100 mV
range), and 100 nV (1 V range).
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6. Keithley 6221 DC and AC current source: resolution of 100 fA (overall current
range of 2 nA - 100 mA).
7. LakeShore 425 Gaussmeter/Teslameter: resolution of 0.01 mT.
8. Picoprobe 40A-GSG-150-VP (by GGB INDUSTRIES INC.): ground-signal-
ground configuration, ground to signal tip spacing of 150µm, BeCu center con-
ductor wire, frequency range of 0-40 GHz, insertion loss less than 0.8 dB.
The Labview program interface is shown in Fig. 3.14. The program enables to
measure frequency spectra for a defined DC current, sweeping the magnetic field within
a previously defined range. Simultaneously with a single spectrum, values of the static
resistance of the MTJ are being collected, which is subsequently plotted on the monitor.
A program user can also define a frequency range and step, and a current loop, so that
the measurement of the single field sweep is being repeated for each current value of
the loop. Thus, the program enables to monitor dynamic and static states of the STNO
for different values of current and field.
Figure 3.14: Interface of the Labview program used in the experiment. A simplified
operation principle of the program is following:
(
set current value→ (set field value
→ capture spectrum)n
)
m
. Here, n is a number of field steps, and m is a number of
current steps.
In all measurements, we consistently used the following parameters: probe current
of 100µA, current ranges determined from the maximum voltage of 0.4 V according
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to a given resistance value (used in the TMR versus current measurement), compliance
voltage of 0.4 V, frequency range from zero up to 9 GHz, frequency step of 9 MHz,
usual field range of around ±100 mT, field step of around 2 mT, current ranges (used in
the frequency measurement) determined for a voltage of 0.4 V or 0.45 V according to
the resistance of the OOP state, ROOP (or around 0.7 V referring to resistance of the AP
state RAP ).
3.3.2 Experimental results
This section includes results of the frequency measurements of hybrid geometry STNOs.
Experimental data is first presented and discussed independently, while general and key
conclusions are summarized in the subsequent discussion part (section 3.4).
3.3.2.1 Samples by AIST
Regarding the samples from AIST, MTJs with different thicknesses of the free layer, as
well as variable dimensions of the nano-pillar cross-section (like shown in Fig. 3.3(a))
were tested. Nevertheless, the OOP anisotropy was found to be dominating only in
the wafer with a 1.3 nm-thick CoFeB free layer (see the Appendix section); thus, data
presented in this section corresponds to samples of this particular composition (shown
in Fig. 3.3(c)). Junction "A10" (see Fig. 3.3(a)) was chosen to be shown as it was
representative for analyzed STNOs (in most MTJs we observed similar trends). Only
graphs showing the comparison between samples with different ellipticities of the nano-
pillar cross-section include data of MTJs other than "A10".
Magnetoresistance versus field
Magnetoresistance versus field curves of MTJs (see section 3.1) enable us to iden-
tify the resistance states of the tunnel junction at given external magnetic fields. Fig. 3.15
(a) shows a resistance versus field measured up to the largest field range available in our
setup, with the field being applied in the plane of the sample (IP) or perpendicular to
the sample plane (OOP). At high in-plane applied field (black curve), the MTJ exhibits
the lowest resistance level, which corresponds to the parallel state of the junction (see
black arrows). While sweeping the field from positive to negative, the sample switches
to the antiparallel state at around 0.1 T (maximum of the resistance), then returns to
the P state for negative fields with magnitudes above 0.5 T. While applying a high field
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perpendicular to the sample plane, we expect the sample to switch to a parallel out-of-
plane orientation of the magnetizations of the free and reference layers. However, since
the saturation field along the OOP direction for the reference layer is not reachable in
the setup, only partial alignment along the OOP direction is reached (see red arrows).
For field values close to zero, the resistance remains at an intermediate level (reaching
the average between RP and RAP ), which indicates that the free layer magnetization
is oriented close to the normal of the sample plane. Note that at zero-field, there is
a small jump to the lower resistance which suggests that the free layer is, in fact, not
in the fully OOP position, but slightly tilted towards the +x direction due to the P-
type coupling through the MgO barrier (see Fig. 3.2) and the additional in-plane shape
anisotropy. For more detailed description on the actual zero-field state in the free layer
see the Appendix section.
Additional sample parameters extracted from the TMR curve are: RP = 190Ω,
RAP = 310Ω, and TMR ratio of around 63%. Moreover, the field needed to saturate
the free layer along its magnetic hard axis (i.e., in the sample plane; here, along the in-
plane +x-axis), which is the OOP effective magnetic anisotropy (Bk⊥), is around 40 mT
(see Fig. 3.15(b)).
Figure 3.15: Tunnel magnetoresistance of the STNO sample versus field: (a) for
the field range of (-1.5,1.5)T along the in-plane direction and (-0.8,0.8)T along the out-
of-plane direction, which is the maximum field range available in the setup, (b) for
the field range of (-0.3,0.3)T. Magnetization directions of the free and reference layers
are depicted by the upper and lower arrows, respectively. The value of the out-of-plane
effective magnetic anisotropy Bk⊥ of the free layer is defined as the crossing point of
dashed blue lines in (b).
Fig. 3.16 shows TMR versus field curves measured for different angles between
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the directions of the reference layer magnetization and the in-plane applied field, vary-
ing from 0◦ (black curve corresponding to the P state) to 90◦ (the pink curve, which
corresponds to the state where the free layer magnetization lies in the sample plane
but perpendicularly to the magnetization of the reference layer, i.e. along the y-axis in
Fig. 3.12). Neglecting the influence of shape anisotropies and taking into account only
the relative orientation of the magnetizations of the free and reference layers, the grad-
ual evolution of the TMR curve shown in Fig. 3.16 is very similar to the transition be-
tween the two magnetoresistance curves shown in Fig. 3.15(a); i.e., between the cases
of the in-plane field sweep along the x-axis (black curve in Fig. 3.15(a)) and the out-
of-plane field sweep along the z-axis (red curve in Fig. 3.15(a)).
Figure 3.16: Tunnel magnetoresistance versus in-plane field for different angles be-
tween the applied field and the magnetization direction of the reference layer.
Magnetoresistance versus voltage
The magnetoresistance is strongly influenced by the magnitude of the applied cur-
rent. However, since the conduction mechanism in tunnel junctions is based on tunnel-
ing (in contrast to metallic GMR structures) STT in MTJs does not depend directly on
the current, but on the voltage applied across the tunnel barrier (see [64, 111, 120]).
The resistance of the STNO sample versus applied bias voltage for the P and AP
states is shown in Fig. 3.17(a). We observe the typical quasi-linear decrease of the re-
sistance of the MTJ with increasing applied voltage, which is much more significant for
the AP state than the P state (for more details on the resistance bias dependence in MTJs
see section 2.2.3). Fig. 3.17(b) shows current versus voltage curves measured for the P
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and the AP states of the sample, which clearly demonstrates a non-ohmic behaviour of
the AP state resistance.
Figure 3.17: Resistance of the STNO sample versus voltage in the P and the AP states
(a), and current versus voltage (b) measured for the P state and the AP state.
Dynamics versus field
When the DC current flows through the in-plane reference layer of the MTJ (see
Fig. 3.12), it gains spin polarization within the plane of the sample. Since the mag-
netization of the free layer is perpendicular to the polarization of the incoming spin
current, the magnitude of the two components of spin-transfer torque is maximized
(see eq. 2.10). In addition, the STT can yield large-angle steady-state precession of
the free layer magnetization either around the direction of the applied magnetic field
(in this case, the field is perpendicular to the sample plane), or around the magnetic
easy axis of the system (in this case, similar to field, perpendicular to the sample plane)
if there are no external fields present in the system (see the scheme of the nano-pillar
in Fig. 3.12). In the limit of θ = 90◦ precession angle, the magnetic configuration in
the MTJ changes between the P and the AP states within a single precession cycle,
translating into a sinusoidal-type resistance oscillation between RP and RAP . During
the experiment (see Fig. 3.12), a corresponding voltage variation is measured, since the
magnitude of the applied DC current is fixed. The RF voltage generated by the spin-
torque oscillator is detected with the spectrum analyzer as a peak at a given frequency
(corresponding to the oscillation frequency in the free layer), which is also a field-
dependent quantity (see issues of the Larmor precession or the ferromagnetic reso-
nance [136, 137]).
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Frequency spectra of the STNO measured at a DC current of 2.0 mA versus the pos-
itive out-of-plane magnetic field are presented in Fig. 3.18. Starting from 100 mT
OOP field, a single sharp peak is detected at around 2.6 GHz. The magnitude of
the peak increases quasi-exponentially with decreasing field. This indicates an increase
of the magnetization precession angle θ at low fields (below 40-50 mT), which results
in a larger amplitude of the detected RF voltage. For fields below 40 mT, the signal is
strongly influenced by the low frequency noise ("1/f" noise), which magnitude rapidly
increases while approaching zero-field.
Figure 3.18: Frequency spectra of the STNO at the 2.0 mA current measured for differ-
ent magnitudes of the positive out-of-plane magnetic field.
The frequency of the output signal shifts towards higher values while increasing
magnitude of the field. This tendency remains symmetric for both positive and negative
OOP fields (as shown in Fig. 3.20). Fig. 3.19 shows the fitting of the peak frequency
versus field with the Kittel formula [131], commonly used to describe the ferromagnetic
resonance in magnetic thin films. For fitting the data in Fig. 3.19 (see the black curve),
where the field is applied perpendicular to the film plane, the following formula was
used: f = γ
2Π
(Hext + Hk⊥) [144]. The in-plane dimensions of the free layer, where
the main signal comes from, are only between 50 and 250 times larger than the layer
thickness (i.e., in-plane dimensions are not significantly larger than the layer thickness)
in comparison to the case of extended thin films. It is, then, worth to note that using
this particular formula is a considerable simplification.
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Figure 3.19: STNO frequency spectra versus field at the 1.5 mA current. The Kittel
fit [131] to the center frequency of the main signal is shown as a black line.
Apart from the main frequency mode (marked with the black line), we can also
distinguish several low intensity modes, which are shifted towards higher frequencies
with respect to the main mode. The regular spacing between these signals indicates that
they represent the modes of standing spin waves, most likely, combined with the cou-
pling from the synthetic antiferromagnet. However, their origin has not been explored
in detail within this thesis.
Dynamics versus current
The influence of the DC current on STNO dynamics is presented with 2D plots
showing the frequency spectra versus field in Fig. 3.20. For the positive current direc-
tion, increasing current yields an increase of the magnitude of the detected signal. This
is a direct effect of the increasing spin-transfer torque, gradually opening the magneti-
zation precession cone (i.e., increases the θ angle). For the negative current direction,
a very weak signal is detected, negligibly small compared to the magnitude of steady-
state precession detected for the positive bias current (where electrons flow from the
free to the reference layer). Indeed, for this current polarity, no STT-driven preces-
sion is expected, since the global effect of the torque is to reinforce the damping. This
so-called "magnetic noise" has been already experimentally reported for this current
configuration for equivalent STNO systems [53, 61], and is a direct effect of thermal
fluctuations of the magnetization at room temperature.
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Figure 3.20: STNO frequency spectra versus field measured for different current values.
Steady-state precession is observed only for positive currents (similarly to [53, 61]).
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The current itself is also expected to influence the magnetization precession fre-
quency. The tunability of the STNO frequency with the applied DC current makes
spin-torque oscillators desirable for the modern minimized electronic devices. Fre-
quency spectra measured for different current values at a fixed field of +30 mT are
shown in Fig. 3.21. The observed decrease of the frequency with the current has been
already reported [53, 61], and explained as an effect of increasing magnetization pre-
cession angle θ, resulting in an increasing magnitude of the RF signal. Here, we can
also observe the undesirable effect of the 1/f noise, which is also rapidly increasing
with the magnitude of the DC current for currents above 1.2 mA.
Figure 3.21: STNO frequency spectra versus current at the +30 mT applied field. Note:
a decrease of the frequency and an increase of the signal magnitude with increasing
current, as well as undesirable effects of low frequency noise at current above 1.2 mA.
Fig. 3.22 shows the frequency spectra as a function of the DC current (2D color plot)
for the field of +30 mT. The corresponding peak positions (i.e., frequencies of mea-
sured signals) and linewidths are ploted in Fig. 3.23. According to these data, an initial
frequency decrease is followed by an increase for currents above 1.5 mA. This phe-
nomenon directly translates into an increase of the precession angle θ with increasing
current up to 1.5 mA, and then a gradual decrease of the angle, becoming more rapid
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for currents above 2.2 mA (see a slight increase of the df/dI slope of the frequency
versus current curve in Fig. 3.23).
Figure 3.22: Frequency spectra as function of the applied DC current (2D color plot) at
the +30 mT applied field. The exact peak positions, i.e. the maxima of the peaks, are
marked with the black line. Note the increase of the low frequency noise for currents
above 1.4 mA.
Figure 3.23: STNO oscillation frequency (black points) and linewidth (blue points) as
function of applied DC current at +30 mT.
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The corresponding signal linewidth versus current is plotted with blue triangles in
Fig. 3.23. For negative currents, a significant increase of the signal linewith with in-
creasing current is observed, which refers a presence of the magnetic noise for this
current direction. For positive current up to around 1 mA, the linewidth decreases with
the current, which indicates that the increasing spin-transfer torque opposes the damp-
ing torque. For currents above 1 mA, the increase of the linewidth is a sign of increas-
ing precession incoherency, as confirmed by the presence of the 1/f noise, as shown
in Fig. 3.22. A more detailed discussion on the frequency variation with the current is
presented in section 4.1, where it is compared with results of the numerical simulation.
STNO output power
The RF signal generated by an STNO device is detected by the spectrum analyzer as
a voltage quantity per a defined frequency division. Thus, in order to express the spec-
tral signal in the unit of power, we used the following formula:
PSD =
V 2signal − V 2bg
Z ·RBW
=
V 2signal − V 2bg
50Ω · 3MHz
, (3.1)
where PSD [ W
Hz
] is the Power Spectral Density, Vsignal is a voltage signal generated by
the STNO sample, Vbg is a background voltage (measured for a zero probe current),
Z is the impedance of the circuit (50 Ω), and RBW is the Resolution Band Width (in
this case, 3 MHz).
Fig. 3.24 shows an example of data analysis for a single frequency spectrum of the
"A10" junction measured at +30 mT with a +2.3 mA current. The black line represents
the measured spectrum, where the background signal (measured for zero-field and a
zero probe current) has been previously subtracted. Since in this case a quite significant
contribution from the low frequency noise is observed, the overall signal is fitted with
Lorentz functions, so that two overlapping peaks can be distinguished: the main mode
peak (red curve) and the low frequency noise (green curve). The total output power
of the spin-torque oscillator is the integral of the PSD area under the red curve within
the whole frequency range (see an inset formula in Fig. 3.24). The power integration
were conducted using the Matlab script written by Dr. David Ball (not presented in this
thesis), which is based on the inset formula of Fig. 3.24.
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Figure 3.24: An example of data analysis. The output power of spin-torque nano-
oscillators is defined as the integral of the Power Spectral Density of the main frequency
mode (red curve) within the whole investigated frequency range. Inset formula: PSD
- Power Spectral Density, df - frequency step (in our case df = 9 MHz).
Fig. 3.25 shows the integrated output power of the STNO as function of the applied
DC current at a constant field of +30 mT, where each data point corresponds to the result
of the integration of the PSD frequency spectrum over the whole frequency range. One
can observe a gradual increase of the power with increasing positive current in the range
of 1-2.2 mA, which is much more significant compared to its variation with the negative
current, and then a decrease for the currents above 2.2 mA. This initial increase of the
STNO power with the current has already been experimentally reported [53, 55, 61].
A decrease of the power for larger currents was observed only by Zeng and collabora-
tors [53], who tried to explain that by suggesting a phenomenological relation between
the decrease of the STNO output power and the reduction of the TMR magnitude with
increasing applied current. However, this general statement was not confirmed by them
with any quantitative methods, i.e. by neither analytical nor numerical calculations.
On the other hand, a simple dependence of the output power on the TMR value can be
directly excluded, since the inflection point observed in the power versus current dia-
gram (at 2.2 mA in Fig. 3.25), cannot result from the monotonous function of the TMR
versus current (see linear decrease of the TMR with increasing positive applied current
in Fig. 3.17). Thus, a proper theoretical explanation of this issue is of special interest
in this thesis (see section 4.1).
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Figure 3.25: Integrated output power of the spin-torque oscillator as a function of
the applied DC current measured at the field of +30 mT.
Figure 3.26: Integrated power as function of the DC current and applied field for
the "A10" nano-pillar.
In the experiment, the output power of STNOs was measured versus negative and
positive DC currents and fields (see Fig. 3.14). Fig. 3.26 shows the dynamical phase
diagram obtained for the representative "A10" sample, where the color scale shows
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the STNO output power, i.e. each color pixel represents the integral of a single fre-
quency spectrum. In the small field range, i.e. between -10 mT and +10 mT, a sudden
drop of the output power can be observed, which indicates that precession cannot be
sustained at zero-field for this particular STNO geometry. One can also clearly dis-
tinguish regions of high output power (above 40 nW, see red areas), symmetric with
respect to both magnetic field directions (i.e., positive field along +z-axis and neg-
ative field along −z-axis, see the nano-pillar scheme in Fig. 3.12). The high output
power regions are gradually broadening with increasing applied current up to 2.2 mA,
and then more rapidly narrowing up to the maximum current of 2.5 mA. Note that this
power suppression for currents above 2.2 mA was already mentioned in the description
to Fig. 3.25.
Steady-state precession in the measured STNOs occurs only for the positive current
direction, corresponding to electrons flowing from the free layer to the reference layer
(see Fig. 3.12). Since there are no high power dynamics detected for the opposite
current sign, as shown in Fig. 3.25, the corresponding part of the diagram measured
for the negative current is not shown here. As already explained in section 2.4.2.2, for
electrons flowing from the reference to the free layer, the spin-transfer torque acts so as
to increase the effective damping and steady-state precession cannot be sustained; thus,
only a very small magnoise signal can be detected.
Fig. 3.27 shows the output power diagrams of spin-torque oscillators having dif-
ferent ellipticities of the nano-pillar cross-section. Here, the color scale is chosen in
order to explicitly show the boundaries of the high power regions (black areas), while
the color scale used in Fig. 3.26 showed the power variation more gradually. All dia-
grams exhibit some common features, e.g. dynamical regions expanding with increas-
ing current and gaps in high power dynamics close to zero-field. For the STNO samples
shown in Fig. 3.27(a), (b) and (c), one can also observe the above-mentioned suppres-
sion of the output power for currents above a certain value (see white dashed lines near
the boundaries of the high power regions).
The in-plane shape anisotropy in the free layer introduced by the elliptical shape
of the nano-pillar cross-section is defined by the aspect ratio AR = (long ellipse axis) :
(short ellipse axis) (e.g., for the "A10" sample with (250×50)nm dimensions, AR = 5).
Comparing the output power diagrams for samples with different ellipticities, shown in
Fig. 3.27, one can notice that the dynamical regions and the zero-field gaps in dynamics
are narrower for samples with smaller ellipticities (i.e., AR = 3, see Fig. 3.27(d), (e) and
(f)) compared to the samples with larger ellipticities (i.e., AR = 5, see Fig. 3.27(a), (b)
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Figure 3.27: Integrated power as function of the DC current and field for STNO sam-
ples with the nano-pillar aspect ratio of 5 (in (a), (b) and (c)), and 3 ((d), (e) and (f)),
where the aspect ratio is defined as: AR = (long ellipse axis) : (short ellipse axis). Ac-
tual dimensions and shapes (grey ellipses) of the STNO cross-sections are presented in
insets. Note: the presence of steady-state dynamics for the positive current direction;
the gap in dynamics at zero-field; suppression of the output power at large currents ob-
served for samples with the aspect ratio of AR = 5 (the white dashed lines are guides to
the eye denoting the curvature around the high power region which appears for currents
above 2.2 mA in diagrams (a), (b), and (c)); narrower dynamical regions along the field
axis and the smaller zero-field gap in dynamics for samples with the aspect ratio of
AR = 3 (smaller ellipticity) compared to samples with AR = 5 (larger ellipticity).
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and (c)). As will be presented in section 4.2, the results of numerical simulations de-
scribed in this thesis lead to similar conclusions, i.e. a widening of both the dynamical
regions and the zero-field gap in dynamics as the MTJ aspect ratio is increased.
Figure 3.28: Frequency (a), and linewidth (b) of the STNO signal as a function of
the DC current and field.
Fig. 3.28 shows how the frequency and the linewidth of generated RF signal change
as a function of current and field for the "A10" sample. In Fig. 3.28(a), the area of
the lowest frequencies (below 0.8 GHz), which refers to the largest precession angle θ,
corresponds to the region of the highest output power (the red areas in Fig. 3.26). Ac-
cording to Fig. 3.28(b), the highest linewidth (above 0.4 GHz), indicating the largest in-
coherent broadening of the signal, is observed at the area near the boundary of the high
power region (specifically, in the light blue and green areas in Fig. 3.26). At fixed ap-
plied currents, increasing the applied field leads to a decrease in linewidth, as larger
fields lead to more coherent dynamics.
Static resistance at dynamical states
Simultaneously with the frequency spectra, the static resistance versus field for
every given current was measured (see "Static resistance versus field" in Fig. 3.14).
The magnitude of the TMR is directly proportional to the relative orientation of mag-
netizations of the free and the reference layers, reaching maximum for the AP state and
minimum for the P state. Since the orientation of the reference layer magnetization is
fixed, when dynamics are excited, the magnitude of the static resistance gives infor-
mation about the x-component of the average position of the magnetization in the free
layer (i.e., the position of the precession axis).
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Figure 3.29: Static magnetoresistance versus field for different current values. Note:
general decrease of the overall resistance with the current (due to the TMR bias depen-
dence); increased resistance at small field range (directly proportional to the applied
current) indicating a gradual tilting of the precession cone toward the in-plane antipar-
allel direction.
Fig. 3.29 shows the evolution of magnetoresistance curves with the applied current.
One can observe here a reduction of the base resistance with increasing current, which
is consistent with the already explained TMR bias dependence (see section 2.2.3). For
currents up to 0.8 mA, the TMR curve is similar to the curve measured at out-of-plane
applied fields for a small probe current of 0.01 mA (see the red curve in Fig. 3.15).
While approaching the zero-field, a dip in the resistance is measured. As previously
explained (see description to Fig. 3.15), the dip close to the zero-field is due to a slight
parallel coupling with the reference layer combined with the canting of the free layer
magnetization. As results from the experimental data on the corresponding unpat-
terned wafer, presented in the Appendix section (i.e., see the "TMR-7371" wafer in
Table A.1), the free layer magnetization is tilted by around 40◦ from the +z direction
(due to still significant contribution from the in-plane magnetic anisotropy) towards
+x direction (which is imposed by the elliptical shape of the nano-pillar cross-section,
where the long axis of the ellipse lies along x-axis). For currents above 0.8 mA, where
the current density is high enough to drive magnetization dynamics, we observe an in-
crease of the resistance close to zero-field, indicating a gradual tilting of the precession
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cone toward the in-plane antiparallel orientation (i.e., −x direction in Fig. 3.12)
Figure 3.30: The deviation of the resistance ∆R′ with respect to the resistance at
the same field when using a small current which does not stimulate strong dynam-
ics. The dark blue area represents the region of stabilization of the in-plane antiparallel
state in the tunnel junction.
Since the static resistance is proportional to the projection of the free layer mag-
netization on the magnetization vector in the reference layer (see Fig. 3.12), for every
applied current, there is calculated the change in resistance ∆R′ |µ0Hext= R(IDC) −
R(0.5mA) with respect to the resistance at the same field when using a small current
(0.5 mA), which does not stimulate strong dynamics. The value of ∆R′ is directly
proportional to mx. The resistance change ∆R′ and its equivalent magnetic static state
(expressed with averaged mx component of the magnetization in the free layer) are pre-
sented with the colour plot in Fig. 3.30. At the range of small field (0-30 mT), the av-
erage position of the magnetization tilts towards the antiparallel configuration (blueish
region); it finally reaches the AP state for currents above 2 mA (black region). This
leads to the preliminary conclusion that the gap in dynamics at small field, observed in
diagrams in Fig. 3.27, is actually an effect of the stabilization of the static in-plane AP
state, under the influence of the spin-transfer torque, which favours the AP state for this
current configuration.
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3.3.2.2 Samples by HZDR / SINGULUS (Dresden / Kahl am Main, Germany)
Another set of samples was patterned on-site in the Helmholtz-Zentrum Dresden -
Rossendorf from the multilayers deposited by SINGULUS Technologies (for details,
see section 3.3.2.2). In comparison to the AIST samples, these MTJs exhibited lower
breakdown voltages and TMR ratios, translating into lower output power (only up
to 1 nW compared to over 50 nW for AIST samples), and would need further opti-
mizations of the stack composition and/or the patterning process in order to improve
their electronic properties. Nevertheless, their frequency characteristics show some
general trends, which were also experimentally observed for AIST samples (see sec-
tion 3.3.2.1).
First, magnetic tunnel junctions were fabricated from unannealed multilayers, i.e.
characterized by a lack of an exchange bias in the SAF structure (see chapter 3.1). Be-
sides setting the exchange bias in the SAF, the annealing process is supposed to increase
the contribution from the perpendicular interface anisotropy due to the recrystallization
of the MgO-CoFeB interface, and, eventually, reorient the free layer anisotropy from
the in-plane towards the out-of-plane direction (see section 2.2.2.3). After performing
a first set of magnetotransport measurements, the samples were annealed and remea-
sured.
As previously mentioned, in order to ascertain the influence of the shape anisotropy
on STNO dynamics, MTJs with different ellipticities were patterned (see Fig. 3.6).
Although the frequency signals generated by these samples had considerably less am-
plitude compared to the AIST samples, one could observe the effect of stabilization of
zero-field oscillations for samples with slightly elliptical cross-sections (e.g., for an as-
pect ration of 1.25), which is in agreement with the theoretical predictions presented in
section 4.2.
This section contains experimental results of one representative sample "F9" (see
the scheme of the entire wafer in Fig. 3.6), since all working MTJs (around 20) showed
similar behaviours.
Magnetoresistance versus field
Fig. 3.31(a) shows the magnetoresistance curve as a function of the in-plane field
measured for the SINGULUS sample before annealing. According to this TMR curve,
for the fields larger than +0.3 T, the MTJ exhibits the lowest resistance level corre-
sponding to the in-plane P state. While decreasing the field, the free layer magneti-
zation is rotating towards the OOP direction, which is observed as a gradual increase
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of the resistance. At low fields (below +40 mT), a gradual decrease of the TMR and,
while approaching the zero-field, a sudden drop of the resistance (i.e., almost down to
the resistance of the P state) is observed. This resistance variation can be assigned to
a gradual rotation of the reference layer magnetization towards the positive OOP di-
rection (i.e., the +z direction), which, eventually, leads to a configuration very close
to the out-of-plane parallel state at zero-field (see the vector configuration marked with
a gray box in Fig. 3.31(a)). Supposingly, the out-of-plane anisotropy of the reference
layer results from the strong perpendicular magnetic anisotropy created at the barrier-
reference layer interface (i.e., MgO-CoFeB interface) which, in the combination with
a lack of exchange bias, may dominate the overall magnetic anisotropy of the reference
layer.
The dashed red/blue lines in Fig. 3.31(a) show the method used for determining
the saturation field along the in-plane x direction, which corresponds to the effective
out-of-plane anisotropy field of a given layer. The effective OOP anisotropy of th free
layer (µ0Hk⊥) is equal to 240 mT, while the reference layer magnetization reaches
an in-plane saturation for fields above 40 mT. Since the exchange bias in the SAF is
not yet set, the TMR curve is symmetric for the two field directions.
The TMR curve as a function of the out-of-plane field measured before anneal-
ing is presented in Fig. 3.31(b). Red and gray curves correspond to the field sweeps
from the positive to negative (from +z to −z) and from the negative to positive (from
−z to +z) directions, respectively. Starting from +0.8 T, while decreasing the field,
the reference layer magnetization is gradually rotating from the out-of-plane towards
the in-plane direction, resulting in a continuous TMR increase. Close to zero-field,
where the field changes from positive to negative, a sudden increase of the resistance
is observed, which, presumably, results from an immediate reorientation of the mag-
netization in the magnetically softer free layer. Simultaneously, the reference layer
magnetization, which is more resistant to the acting field, initially remains in the same
orientation as for a low positive field (i.e., for low negative field, it still remains canted
towards the +z direction). The magnetization of the reference layer starts rotating to-
wards the direction of the negative field with further increase of the field magnitude
(i.e., in the range from -0.1 T to -0.8 T). By analogy, while sweeping the field from the
negative to the positive direction (gray curve), we observe a hysteretic behaviour, which
is antisymmetric with respect to the applied field.
Fig. 3.31(c) shows the magnetoresistance curve as a function of the in-plane field
measured after 1 hour annealing at 315◦ in a 1 T field. Now, the SAF structure is ex-
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Figure 3.31: Magnetoresistance curves measured for the representative SINGULUS
sample: (a) as a function of the in-plane field, measured before annealing (as deposited
sample); (b) as a function of the out-of-plane field, measured before annealing (as de-
posited sample); (c) as a function of the in-plane field, measured after annealing at
315◦ at the field of 1 T for 1 hour; (d) as a function of the out-of-plane field, mea-
sured after annealing at 315◦ at a field of 1 T for 1 hour. The dashed red/blue lines in
(a) and (c) determine the effective out-of-plane anisotropy of the free/reference layer.
The dashed pink lines in (c) determine the approximate value of the exchange bias set
in the SAF structure during the annealing process. Corresponding magnetic config-
urations of the free and reference layers are marked with arrows, and the zero-field
states are marked with gray boxes. The dashed box in (b) shows the field range where
out-of-plane dynamics were measured (see Fig. 3.34 and Fig. 3.35).
pected to be exchange biased to the AFM bottom layer, and, thus, exhibit a stronger
in-plane anisotropy. For fields above +0.5 T, the lowest resistance level of the in-plane
P state is reached. A decrease of the field leads to a continuous rotation of the free layer
magnetization towards the OOP direction, observed as a gradual resistance increase.
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While changing the field sign, we observe a further increase of the TMR which implies
a rotation of the free layer magnetization towards the antiparallel orientation. The re-
sistance reaches maximum of 317 Ω at -40 mT, which corresponds to the AP state of
the MTJ. It is worth noting that the AP state in the considered system can be achieved
only due to the presence of an exchange bias acting on the SAF, which keeps the ref-
erence layer magnetization fixed along the direction of positive field. The exchange
bias itself is equal to +40 mT, i.e. the reference layer magnetization is being gradually
reversed for the negative fields above -40 mT. Increasing the field further eventually
brings the sample again to the P state at a field of around -0.5 T. It is also worth noting
that, since the maximum resistance is not much higher than the resistance at zero-field
(i.e., corresponding to the state of the OOP free layer and the IP reference layer, see
the gray box in Fig. 3.31(c)), the fully AP alignment is actually not reached. The maxi-
mum resistance refers then to the state where the free layer is only slightly tilted towards
the −x direction.
One of the results of the annealing process is an increase of the TMR ratio from
13% (see Fig. 3.31(a)) up to 16% (Fig. 3.31(c)). Moreover, according to the fitting
with dashed red lines in Fig. 3.31(c), due to the annealing, the effective out-of-plane
anisotropy (µ0Hk⊥) of the free layer increases by 100 mT, i.e. from 240 mT (Fig. 3.31(a))
up to 340 mT (Fig. 3.31(c)). This is expected, since the annealing should strengthen
the effect of perpendicular magnetic anisotropy via the recrystallization of the barrier-
free layer interface. It is also worth noting that µ0Hk⊥ is at least four times larger for
the SINGULUS sample than for the AIST sample (equal to only 40 mT). This means
that the free layers of HZDR samples are magnetically much harder along the OOP di-
rection. Consequently, one can expect that the onset current stabilizing the out-of-plane
steady-state precession will be larger.
Regarding the overall resistance of the SINGULUS samples (RAP = 300 Ω), it is
similar to the resistance of the AIST samples, which makes the comparison of exper-
imental results more reliable. Resistance values of patterned junctions of the SINGU-
LUS samples, as well as their resistance area products (1 Ω ·µm2), are repeatable. This
indicates that the fabrication process was realized successfully. Nevertheless, the much
lower TMR in case of SINGULUS samples (around 10%) translates into lower output
signals of MTJs compared to AIST samples (where the TMR reaches up to 60%), i.e. at
least two order of magnitudes lower output powers. Another reason of such low output
signals of the SINGULUS samples is the out-of-plane canting of the reference layer, as
opposed to the AIST devices.
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Figure 3.32: Frequency spectra of an unannealed SINGULUS sample versus field mea-
sured for different current values. For this sample, large output power is observed only
for positive current (similarly to [53, 61]).
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The TMR curve as a function of the out-of-plane field measured after annealing
is presented in Fig. 3.31(d). With decreasing positive/negative field, the TMR value
increases, indicating a gradual rotation of the reference layer from the OOP towards IP
direction, reaching a maximum at zero-field, where the free layer is magnetized OOP
and the reference layer magnetization lies in the sample plane (the configuration marked
with a gray box). This brings us to the conclusion that the annealing process, indeed,
led to a proper magnetic configuration of the hybrid geometry spin-torque oscillators,
as the one presented in Fig. 2.22.
Dynamics versus current
The dynamical characterization was performed for the SINGULUS samples before
and after annealing. Although the annealing process brought the samples to the proper
configuration of the hybrid geometry STNOs, no out-of-plane dynamics were observed
for annealed MTJs. Nevertheless, the dynamical characteristics of the unannealed SIN-
ULUS samples are shown in this thesis, since they exhibited similar, even though not
as good, electronic properties to the AIST samples (see section 3.3.2.1).
Figure 3.33: Frequency spectra versus field measured for the 1 mA DC current: (a) be-
fore annealing, and (b) after annealing.
As mentioned above, OOP dynamics were observed only for unannealed samples
(like shown in Fig. 3.33(a)), while the same samples after annealing did not exhibit any
dynamics (see Fig. 3.33(b)). Taking into account the TMR data described in the previ-
ous paragraphs (see Fig. 3.31), the preliminary conclusions are that the OOP anisotropy
of the free layer (which increased due to annealing from µ0Hk⊥ = 240 mT to µ0Hk⊥ =
340 mT) is too strong to enable OOP dynamics in the used current range (i.e., where
102 3. Experimental
the maximum applied current is just below breakdown value). Since the breakdown
voltages of HZDR samples were quite low (less than 0.3 V), supposingly, the onset
current for precession was not systematically reached.
The effect of the applied DC current on STNO dynamics for an unannealed sam-
ple is presented in Fig. 3.32 with 2D plots of frequency spectra versus field measured
at constant applied current. Similarly to AIST samples, increasing the current yields
an increase of the magnitude of the detected signals for the positive current direction
(i.e., for electrons flowing from the fixed layer to the free layer), while for negative cur-
rents, only the low power magnetic noise is detected. Moreover, according to the data
in the left column in Fig. 3.32, the signal frequency decreases with increasing positive
current. These two arguments confirm that, in the unannealed SINGULUS samples,
the same type of out-of-plane dynamics in the PMA free layer as for the standard hy-
brid geometry STNOs is observed (see the measurement result of the AIST sample in
Fig. 3.20). The only difference refers to the orientation of the reference layer magne-
tization; since, in the hybrid geometry STNOs, the OOP oscillations are read-out by
the in-plane reference layer, while, in the unannealed SINGULUS samples, they are
read-out by the canted reference layer, which magnetization is tilted towards normal to
the plane (see the zero-field configuration in the gray box in Fig. 3.31(a) and (b)).
STNO output power
Fig. 3.34 shows two main types of the output power diagrams (i.e., representative
plots of the integrated power as a function of the current and field) measured for unan-
nealed samples. The first type of diagrams, shown in Fig. 3.34(a), is typical for hybrid
geometry STNOs where the large output power dynamics occur only for the positive
current direction, and the dynamical region itself is quasi-triangular (i.e., gradually
widens with increasing DC current). Similar diagrams were observed in the AIST sam-
ples (see Fig. 3.27). Nevertheless, it is worth noting that, on the contrary to AIST
samples, the oscillations are analyzed not by the fully in-plane reference layer, but by
the canted reference layer (see magnetic configurations marked with black arrows in
Fig. 3.26 and Fig. 3.34(a)), which is also the reason of much lower output power mea-
sured for the SINGULUS samples.
The second type of diagrams, shown in Fig. 3.34(b), exhibits dynamics of similar
intensity occurring for both current directions. This indicates that both positive and
negative currents are equally effective in inducing the oscillations; thus, the actual
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Figure 3.34: Integrated output power as a function of the applied current and field rep-
resenting two main types of observed dynamics: (a), when the dynamics occur only
for the positive current direction (which is typical for hybrid geometry STNOs), mea-
sured for the sample "F9" with elliptical cross-section (AR = 1.25) and dimensions of
(250× 200)nm; (b), when dynamics occur for both current directions, measured for
sample "E9" with the circular cross-section (AR = 1) and a diameter of 200 nm. Mag-
netic configurations in the corresponding dynamical states are marked with black ar-
rows.
Figure 3.35: Integrated output power as a function of the applied current and field ex-
hibiting a slight curvature of the dynamical region, i.e. quenching of dynamics at high
applied currents, observed for: (a) the sample "C10" with the circular cross-section
(AR = 1) and the diameter of 200 nm; (b) the sample "H6" with the elliptical cross-
section (AR = 1.75) and dimensions of (245× 140)nm. Asymmetry between the dy-
namics for positive and negative field can be assigned to the asymmetry observed also
in the TMR curve (see dashed box in Fig. 3.31(b)).
104 3. Experimental
magnetic configuration of this tunnel junction should not be considered as the hybrid
geometry anymore. This type of diagrams was mostly observed in the samples with
the circular cross-section (i.e., for AR = 1), where the canting of the reference layer
towards the out-of-plane direction is stronger than for elliptical samples, which re-
sults in an almost collinear orientation of the two magnetizations (see black arrows in
Fig. 3.34(b)), and, eventually, a different precession mechanism and a read-out geom-
etry compared to the actual hybrid geometry. As mentioned in the previous paragraph,
some samples exhibit features characteristic for the actual hybrid geometry STNOs.
This was, however, mostly observed for the samples with elliptical nano-pillars (e.g.,
for AR = 1.25, see Fig. 3.34(a)), where the additional in-plane shape anisotropy along
the x-axis pulls the reference layer magnetization towards the sample plane.
For some samples we observed a power suppression with increasing current (see
dash black lines in Fig. 3.35), which was also reported for AIST samples (Fig. 3.26).
Unfortunately, for the SINGULUS samples, the curvature of the dynamical region is
hardly visible in the accessible current range. Thus, for the further discussions on
the phenomenon of quenching of the dynamics at high currents, including the com-
parison with the theoretical results, only the results of AIST samples will be used (see
section 4.1.3).
For all samples, an asymmetry between the dynamics for positive and negative
field was observed (namely, much higher output power for positive applied current,
see Fig. 3.34 and Fig. 3.35). In order to explain this asymmetry, let us go back to
the TMR curve measured at OOP applied fields (shown in Fig. 3.31(b)), where a slight
hysteretic behaviour was observed. Since the OOP dynamics are measured only in
the field range of (-0.1 - 0.1)T (see the dashed box in Fig. 3.31(b)), the magnetization
configuration follows only the red curve, regardless of the direction of the field sweep.
In order to avoid this asymmetry, the sample should be fully saturated along the field di-
rection before performing measurements of the dynamics for this particular orientation
of the field.
For some samples, OOP magnetization dynamics at zero applied field is observed.
Fig. 3.36 shows an example of measured zero-field dynamics in the MTJ with a slightly
elliptical cross-section (i.e., for AR = 1.25), where the frequency of detected signal is
decreasing from around 1 GHz to 0.3 GHz for the current increase from 0.2 mA to
0.6 mA. According to the theoretical studies presented in section 4.2.1, the presence
of zero-field OOP dynamics in hybrid geometry STNOs can be assigned to an addi-
tional in-plane shape anisotropy, which slightly tilts the free layer magnetization to-
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Figure 3.36: Frequency spectra measured for different current values at zero-field for
the sample "F9" with the slightly elliptical cross-section (AR = 1.25) and dimensions
of (250× 200)nm. The detected signal is moving with increasing current from around
1 GHz (at 0.2 mA) to 0.3 GHz (at 0.6 mA). For currents above 0.6 mA, the frequency
peak overlaps with the low frequency 1/f noise.
wards the in-plane direction. This can be, however, only the case if the the in-plane
anisotropy is sufficiently small (in particular, the IP anisotropy has to be smaller than
OOP anisotropy). This leads us to the conclusion that the zero-field dynamics, ob-
served experimentally only in the samples with small ellipticities, may directly come
from the shape of the nano-pillar cross-section. Regarding the AIST samples, the lack
of zero-field dynamics, most probably, results then from much higher nano-pillar aspect
ratios, starting only from 2 (e.g., for the representative "A10" sample, AR = 5).
3.4 Aspects to be explained
In the previous sections, (3.3.2.1 and 3.3.2.2), experimental results on hybrid geome-
try spin-torque nano-oscillators were presented. The static and dynamic measurements
were performed on two set of samples: one set of samples was fabricated in the National
Institute of Advanced Industrial Science and Technology (AIST), while the second one
was deposited by SINGULUS and patterned on-site, in the Helmholtz-Zentrum Dres-
den - Rossendorf (HZDR).
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Regarding the experimental data on AIST samples, there was observed a set of
trends to be explained: the quenching of the STNO output power occurring for DC
currents above 2 mA (Fig. 3.27(a)), the specific variation of the signal frequency with
increasing DC current (shown in Fig. 3.23), and the gap in the dynamics at zero-field
(Fig. 3.27), which, according to Fig. 3.30, may occur due to the stabilization of the static
in-plane antiparallel state. Another interesting aspect is the influence of the in-plane
shape anisotropy of MTJs on their dynamics. The experimental data shows a widening
of the dynamical region along the field axis and an increase of the zero-field gap in
dynamics with increasing aspect ratio (defining an ellipticity) of the STNO nano-pillar
(see Fig. 3.27).
Concerning the experimental data on the SINGULUS samples, the observed OOP
dynamics (Fig. 3.34) were at least one order of magnitude weaker compared to AIST
samples (Fig. 3.27), which, most of all, can be assigned to lower TMR ratio and
a slightly different magnetic configuration of the SINGULUS samples. The dynam-
ics disappeared completely after the magnetic annealing (Fig. 3.33), which may re-
sult from the increased out-of-plane anisotropy in the free layer (from 240 mT up to
340 mT) and, thus, increased critical current driving out-of-plane steady-state preces-
sion. Nevertheless, the results on unannealed SINGULUS samples were, in general,
consistent with the characteristics of AIST samples, and, additionally, demonstrated
the presence of zero-field dynamics for samples with slightly elliptical cross-sections
(e.g., for AR = 1.25, see Fig. 3.27).
All above-mentioned questions lead us to the chapter 4, which contains the results
of analytical and numerical calculations explaining the operation principle of the hy-
brid geometry spin-torque oscillators (with a new straightforward approach), as well
as the influence of the in-plane shape anisotropy on the current versus field dynamical
state diagram and, in particular, the presence of the zero-field dynamics.
4
Numerical and analytical calculations
4.1 Out-of-plane steady-state precession in hybrid ge-
ometry STNO
In this section, potential mechanisms for sustaining out-of-plane steady-state preces-
sion in hybrid geometry MgO-based STNOs (shown in Fig. 2.22(a)) are analytically
and numerically explored. In magnetoresistive multilayers, the in-plane component of
STT (STT‖) is responsible for counteracting the damping torque and sustaining steady-
state precession of magnetization in the free layer (see chapter 2.3.2). According to
equations 2.13 and 2.17, the magnitude of STT‖ depends on the angle β between
the magnetizations of the free and reference layers, as well as the magnitude of the
applied voltage. However, since the applied current (IDC) is assumed to be constant,
the magnitude of STT‖ is then directly proportional to the variation of the junction
resistance R, according to the following formula:
|STT‖| = |
∂τ‖
∂V
V [m× (m× p)]| ∝ RIDC [m× (m× p)] ∝ R sin(β). (4.1)
Let us assume a circular magnetization precession trajectory around the OOP axis,
with a constant precession angle θ for a given applied current. As the magnetization of
the free layer precesses around the z-axis, the angle between the magnetic moments of
the two layers changes, and, thus, through the magnetoresistance effect, the voltage also
changes if the experiment is conducted at constant applied current. To be more specific,
during the oscillation, the resistance varies between a maximum and a minimum value
while approaching the P and AP configurations (i.e., for ϕ= 0 and ϕ= π, respectively),
following a cosine-type angular dependence of the tunnel magnetoresistance (see also
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section 2.2.4). This assumption, i.e. R ∝ cos(ϕ), effectively introduces a spin-torque
angle dependence asymmetry into the equation 4.1 (as also schematically shown in
Fig. 2.22(b)).
In the analytical calculations presented in section 4.1.1, the STT asymmetry is in-
troduced by considering the cosine angular dependence of the resistance, and the neces-
sary conditions for dynamics are derived from the energy integral over a single preces-
sion period (see eq. 2.19). For the simplification, a circular precession trajectory around
the direction perpendicular to the plane is assumed (as set by the effective field [52];
i.e., the crystalline anisotropy and the in-plane shape anisotropy are neglected).
Subsequently (see section 4.1.2), in a more realistic approach, the bias depen-
dence of the tunnel magnetoresistance (described in section 2.2.3) is taken into account.
The TMR bias dependence is assumed empirically to be a broken linear function of
the applied voltage, i.e. linear bias dependence of the AP state resistance and constant
P state resistance are included in the calculations (in agreement with the obtained ex-
perimental data shown Fig. 3.17). According to the results of these calculations, for
constant applied current, the bias dependence of the resistance gradually suppresses
the asymmetry of the angular dependence of STT‖, leading to a decrease of the mag-
netization precession angle and, eventually, to a complete quenching of the dynam-
ics. Consequently, regarding the maximization of the output power in hybrid geometry
STNOs, reducing the bias dependence of the resistance should be a crucial aspect while
designing an actual device.
4.1.1 Angular dependence of tunnel magnetoresistance as a mech-
anism of stable precession
Out-of-plane dynamics (analytical studies)
For the initial calculations, the in-plane component of the spin-transfer torque (STT‖)
is taken into account, while the perpendicular STT term (STT⊥) is neglected (as already
mentioned in section 2.4.2.2). The perpendicular torque was included in the calcu-
lations later on, in both analytical and numerical studies, but its influence on static
and dynamic states in the system was found to be negligible for realistic values of
the ∂
2τ⊥
∂V 2
constant (torkance); e.g., as reported by Kubota et al. [117] for MgO-based
MTJs, ∂
2τ⊥
∂V 2
= 1.8 mT/V2 is at least one order of magnitude smaller compared to the in-
plane torkance ∂τ‖
∂V
= 12.5 mT/V for typically used voltages up to 1 V. Nevertheless, for
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the completeness of studies presented here, a final analytical solution for the case with
the STT⊥ term taken into account will be shown at the very end of the presented ana-
lytical studies (see eq. 4.19).
The motion of the free layer magnetization m can be described by the LLGS equa-
tion (2.13). In the coordinate system shown in Fig. 2.22(a), the LLGS equation can be
written as follows:
dm
dt
= −γ(Bext +Bk⊥mz)(m× nz) + α(m×
dm
dt
) + γ
∂τ‖
∂V
V [m× (m× nx)].
(4.2)
Here, Bext is the applied field, Bk⊥ is the effective out-of-plane anisotropy field,
and nx and nz are the unit vectors of the coordinate system.
Since in magnetic tunnel junctions the STT‖ depends on the voltage across the bar-
rier, at each point along the trajectory, we convert the applied current IDC into an equiv-
alent voltage V with the following formula:
V = RIDC =
[
RP +
1
2
∆R0(1−m ·p)
]
IDC =
[
RP +
1
2
∆R0(1−cos(β))
]
IDC . (4.3)
Here, R is the resistance for a given voltage and a given point on the precession
trajectory, RP is the resistance of the parallel state, ∆R0 is the resistance difference
between the P and AP states close to zero bias, and (m ·p) is the projection of the free
layer magnetization vector on the polarization direction, which is, in fact, the magneti-
zation component contributing to TMR.
To sustain steady-state precession, the energy supplied by the in-plane spin-torque
term and energy dissipated through damping must compensate over a full precession
period, i.e. condition 2.19 has to be fulfilled. Taking into account the cosine angular
dependence of TMR (4.3) and neglecting the bias dependence of TMR leads to the fol-
lowing system of equations for the three degrees of freedom of the Cartesian coordinate
system:
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
mx →
∫ T
0
{
α(myṁz −mzṁy)
−γ ∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1−mx)
](
my
2 +mz
2
)}
dt = 0
my →
∫ T
0
{
α(mzṁx −mxṁz) + γ
∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1−mx)
]
mxmy
}
dt = 0
mz →
∫ T
0
{
α(mxṁy −myṁx)− γ
∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1−mx)
]
mxmz
}
dt = 0
(4.4)
Subsequently, equations 4.4 are transferred to the spherical coordinate system in or-
der to simplify the description of an out-of-plane precessional state occurring at a given
applied field and current (i.e., from now on, it can be described only by the precession
angle θ):

∫ 2π
ω
0
{
− αω sin θ cos θ cosωt
−γ ∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1− sin θ cosωt)
](
sin2θsin2ωt+ cos2θ
)}
dt = 0
∫ 2π
ω
0
{
− αω sin θ cos θ sinωt
+γ
∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1− sin θ cosωt)
]
sin2θ sinωt cosωt
}
dt = 0
∫ 2π
ω
0
{
αωsin2θ
−γ ∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1− sin θ cosωt)
]
sin θ cos θ cosωt
}
dt = 0
(4.5)
The above-presented integrals are solved for a full precession period (i.e., the time
range from 0 to 2π/ω). Solving the first and the second integrals leads us to contra-
diction equations. The lack of solutions for these two integrals makes sense also from
the physics point of view; since the integrals over a single precession cycle of x and
y components of the damping torque are equal zero, the equivalent integrals of the in-
plane STT term have to be zero too (note that the damping and STT‖ balance each
other). A non-zero result is then expected only for the integration along the z-axis
alone. Solving the third integral leads to the following equation:
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4α +
∂τ‖
∂V
IDC∆R0 cos θ
γ
ω
= 0. (4.6)
Implementing the formula for the Larmor frequency [136, 137] (ω = −γB) enables
us to incorporate the magnetic field B = Bext +Bk⊥ cos θ into the eq. 4.8:
4α(Bext +Bk⊥ cos θ) =
∂τ‖
∂V
IDC∆R0 cos θ. (4.7)
In the final step of calculations, the onset angle for precession, θonset, is estimated
in order to find the boundaries of the dynamical region. The onset angle for out-of-
plane precession was assumed as the smallest angle where precession can be sustained,
i.e. by imposing θ → 0 for positive applied fields and θ → π for negative applied
fields. This assumption leads us to the following relation between the critical current
for steady-state precession and the external field:
Bext(θ→0)(IDC) = ±
∂τ‖
∂V
∆R0
4α
IDC ∓ Bk⊥ . (4.8)
Here, Bext(θonset)(IDC) = (
∂τ‖
∂V
∆R0/4α)IDC − Bk⊥ refers to θ → 0 for positive
fields applied along +z direction, and Bext(θonset)(IDC) = −(
∂τ‖
∂V
∆R0/4α)IDC + Bk⊥
is the solution for θ → π for negative fields applied along −z direction. Both functions
(for θ → 0 and θ → π) are plotted as solid lines in Fig. 4.1. Stable out-of-plane dynam-
ics are expected to occur in the region above the lines (i.e., in the red area). The presence
of dynamics only for positive currents was as expected, since only for this particular
current direction (i.e., current favouring the AP state), the in-plane spin-transfer torque
is efficient in overcoming the damping [58, 67] (see the scheme of the "Sustained pre-
cession" case in Fig. 2.22(b)).
The analytical solution for the large angle regime, when the magnetization vector
precesses in the plane of the free layer, could not be found using this calculation method
(i.e., at the limit of θ → 90◦, the critical current and field approach infinity). This is
due to the fact that for θ = 90◦ the z component of the magnetization is equal zero,
and, thus, the integration along the z-axis looses its physical sense.
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Figure 4.1: Analytically determined dynamical region on the current versus field di-
agram for hybrid geometry MgO-based spin-torque oscillators. Solid lines represent
the onset current for dynamics as a function of applied field. Stable out-of-plane dy-
namics are expected in the red region above the lines (in agreement with eq. 4.8). Since
an analytical solution for the large angle regime, i.e. θ→ 90◦, has not been found,
a default boundary between the dynamics at positive and negative applied fields is
marked with white dashed line. Current values, I , are normalized by I0c , i.e. the current
value at the crossing of the critical lines for dynamics (the crossing point of the solid
lines). The magnetic field Bext is normalized by the effective out-of-plane anisotropy
of the free layer (Bk⊥). Corresponding magnetic configurations of dynamic states are
marked with arrows.
Stable static states (analytical studies)
For small applied fields and relatively high currents, STT‖may become large enough
to stabilize a static in-plane state in the free layer. It is worth noting that the magnetiza-
tion of the free layer tends to stabilize in the sample plane, since the polarizer supplies
an in-plane polarization of the flowing electrons.
We start from the initial condition for static states, dm/dt = 0 (i.e., the LLGS equa-
tion, 2.24, equal zero), expressed for all three degrees of freedom of the Cartesian
coordinate system:
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
dmx
dt
= −γ(Bext +Bk⊥mz)my + α(myṁz −mzṁy)
−γ ∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1−mx)
](
my
2 +mz
2
)
= 0
dmy
dt
= γ(Bext +Bk⊥mz)mx + α(mzṁx −mxṁz)
+γ
∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1−mx)
]
mxmy = 0
dmz
dt
= α(mxṁy −myṁx) + γ
∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1−mx)
]
mxmz = 0
(4.9)
Subsequently, the equations 4.9 are expressed with spherical coordinates, as fol-
lows:

−γ(Bext +Bk⊥ cos θ) sin θ sinωt− αω sin θ cos θ cosωt
−γ ∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1− sin θ cosωt)
](
sin2θsin2ωt+ cos2θ
)
= 0
γ(Bext +Bk⊥ cos θ) sin θ cosωt− αω sin θ cos θ sinωt
+γ
∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1− sin θ cosωt)
]
sin2θ sinωt cosωt = 0
αωsin2θ + γ
∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1− sin θ cosωt)
]
sin θ cos θ cosωt = 0
(4.10)
Imposing that the magetization should turn to an in-plane state (defined by θ = π
2
,
which indicates that an actual in-plane direction is, at this point, unknown), leads to
a following formula:
Bext +
∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1− cosωt)
]
sinωt = 0. (4.11)
Considering that | sinωt| 6 1, leads to:
∣∣∣− Bext∂τ‖
∂V
IDC
[
RP +
1
2
∆R0(1− cosωt)
]−1∣∣∣ 6 1. (4.12)
Subsequently, applying the condition that | cosωt| 6 1 leads to the final solution
for a static in-plane state of the hybrid STNO:
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Bext(IDC) 6
∣∣∂τ‖
∂V
RP IDC
∣∣. (4.13)
Equation 4.13 is plotted with dash-dot lines in Fig. 4.2. The stability region of
an in-plane state is marked as the striped area. Since the in-plane state occurs only
at positive applied currents (i.e., for the electron flow from the free to reference layer
favouring the AP state, as defined in Fig. 2.22(a)), the AP state is expected to be sta-
bilized in the striped area. Similarly, according to symmetry argument, the region be-
tween the dash-dot lines at the negative current range (latticed area) corresponds to the
stability area of the in-plane P state.
Figure 4.2: Analytically determined regions of the out-of-plane steady-state precession
(red area), as well as the stability of the in-plane AP state (striped area) and the in-
plane P state (latticed area) on the current versus field diagram for hybrid geometry
MgO-based spin-torque oscillator. Solid lines represent the onset current for dynamics
as a function of field (eq. 4.8). Dash-dot lines show the threshold current stabilizing
the static in-plane AP/P state as a function of applied field (eq. 4.13). Current values,
I , are normalized by I0c , i.e. the current value at the crossing of the critical lines for dy-
namics (the crossing point of the solid lines). The magnetic field Bext is normalized by
the effective out-of-plane anisotropy of the free layer (Bk⊥). Corresponding magnetic
configurations of dynamic and static states are marked with arrows.
According to the results plotted in Fig. 4.2, the region of out-of-plane dynamics
(red area shown in Fig. 4.1) exhibits a gap at zero- and at small applied fields, where
the out-of-plane dynamic state turns into the static AP state (striped area in Fig. 4.2),
as the currents required to sustain precession become infinitely large as the magneti-
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zation approaches the xy-plane. These conclusions would be specially important from
the point of view of STNO applications, since they indicate lack of the OOP steady-
state precession in MgO-based MTJs with a circular cross-section without a need of
an external applied field. This issue will be discussed in detail within the next sections
of this thesis.
Numerical simulations
The analytical solutions presented in the previous paragraphs were double-checked
via numerical integration of the LLGS equation (2.13) using the MAPLE 8 program
(on the courtesy of Dr. Volker Sluka) and the following parameters: ∂τ‖
∂V
= 0.028T/V ,
α = 0.005, ∆R0 = 110 Ω, RP = 190 Ω, and Bk⊥ = 120mT . The simulation
enables us to follow the evolution of the position of the magnetization vector under
a defined set of parameters as a function of time. The initial position of the magnetiza-
tion was always set as random, so as not to overlook bi-stability regions if they occur. In
order to let the magnetization vector reach its real final position (i.e., a stable dynamic
or static state), the simulation time had to be sufficiently long; i.e., depending on the set
of parameters, the state needed a time between 150 ns and 300 ns to be fully stabilized
in a given state. The final static or dynamic state was defined based on the last 2 ns of
the simulation.
The results of the numerical simulation are shown in Fig. 4.3. Here, the colour
scale represents the magnitude of dynamics intensity expressed by (mx(t)−〈mx〉)RMS ,
where RMS is a root mean square, mx(t) is an instant mx component, and 〈mx〉 is
a mean value of the mx component. In case of the presence of stable dynamics, the ab-
solute value of (mx(t)−〈mx〉) has to be greater than zero (i.e., (mx(t)−〈mx〉)RMS = 0
corresponds to a lack of dynamics). Based on this definition, the maximum precession
angle θ = 90◦ (i.e., where the mx value changes sinusoidally between -1 and +1) trans-
lates into dynamics intensity equal 0.7 (see the brown region in Fig. 4.3). The ana-
lytically determined critical lines for dynamics (solid lines) and for the static AP state
(dash-dot lines) define accurately the boundaries of the numerically obtained dynamical
region (colour area).
According to the phase diagram shown in Fig. 4.3, when the bias dependence of
the magnetoresistance is ignored, similarly to the metallic case [63, 132, 133], stable
dynamics occur only for positive current, defined as electrons flowing from the free
layer to the reference layer (i.e., current favouring the AP state in Fig. 4.3). This is
a consequence of the fact that, according to the LLGS equation (2.13), STT‖ is larger
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Figure 4.3: Dynamical phase diagram of the STNO with hybrid geometry for the case
when the angular dependence of the TMR is included, and the bias dependence of
the TMR is neglected (∂RAP/∂V = 0 Ω/V ). The diagram shows results of numerical
integration (dynamics occurs in the coloured areas) and analytically determined onset
currents (solid and dash-dot lines). The dash-dot lines (see eq. 4.13) define the region
of the stable static in-plane AP state (striped area). The solid lines (see eq. 4.8) are
boundaries between the region of OOP dynamics (coloured area) and the static OOP
state (dotted areas). Current values, I , are normalized by I0c , i.e. the current value at
the crossing of the critical lines for dynamics (the crossing point of the solid lines).
The magnetic field Bext is normalized by the effective out-of-plane anisotropy of the
free layer (Bk⊥). Corresponding magnetic configurations of static and dynamic states
are marked with arrows.
close to the AP state than close to the P state (see the "Sustained precession" case in
Fig. 2.22b). A similar dynamical phase diagram for the MgO-based STNO system has
been numerically obtained by Guo et al. [67] (see Fig. 2.26).
Regarding to the analytical calculations for the dynamical state, the solution 4.8 is
very similar to the one by Taniguchi et al. [58] (see eq. 2.26). However, here, the asym-
metry of the angular dependence of the in-plane spin-transfer torque is directly related
to the strong angular dependence of the resistance/voltage (typical for MgO-based
MTJs) and is defined by measurable parameters, like the resistance and the torkance
(see eq. 4.1), not by assuming the same formalism as in the metallic case [58].
Fig. 4.4(a) shows the average magnetization component along the x-axis as a func-
tion of applied current and field. The dark blue region indicates the presence of the static
in-plane AP state (〈mx〉 = −1) at positive applied current in the low and zero-field
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Figure 4.4: Average magnetization components: (a) along the in-plane x-axis (〈mx〉),
(b) along the in-plane y-axis (〈my〉), and (c) along the out-of-plane z-axis (〈mz〉).
The dark blue region in (a) represents the static in-plane AP state for 〈mx〉 = −1,
and is accurately defined by the analytically determined dash-dot lines (eq. 4.13). In
(b), the blue and red regions occurring at positive current range (close to the dash-dot
lines) indicate a slight tilt of the magnetization precession cone towards the +y-axis
and −y-axis for the negative and positive applied fields, respectively. The blue and red
regions in (c) represent the static out-of-plane states for 〈mz〉 = −1 and 〈mz〉 = +1,
respectively. These regions are defined by the analytically determined boundaries of
the dynamical area, i.e. the two solid lines (eq. 4.8). The static states occurring in
the area where these two stability regions overlap are degenerate. Current values, I , are
normalized by I0c , i.e. the current value at the crossing of the critical lines for dynamics
(the crossing point of the solid lines). Field values Bext are normalized by the effective
out-of-plane anisotropy Bk⊥ . Corresponding magnetic configurations of static states
are marked with arrows.
range, which is in agreement with the analytically determined region of the AP state
stability (see Fig. 4.2). The presence of stability area of the P state, also predicted ana-
lytically (see latticed area in Fig. 4.2), is not confirmed with the numerically obtained
data in the investigated current range. For a random initial state, the region between
the dash-dot lines at the negative current range is characterized by various static states;
namely, by the in-plane P state, i.e. for 〈mx〉 = +1 (shown in Fig. 4.4(a)), and the two
out-of-plane states, i.e. for 〈mz〉 = +1 and 〈mz〉 = −1 (see Fig. 4.4(c)).
The average magnetization along the in-plane y-axis is plotted in Fig. 4.4(b). The blue
and red regions appearing between the solid lines at positive current range (i.e., in
the dynamical region) indicate a slight tilt of the magnetization precession cone to-
wards the y-axis, which gradually increases while approaching the stability area of
the AP state (i.e., close to the dash-dot lines). For the positive applied fields, when
ϕ= 90◦, the in-plane STT acts parallel to the field torque, which results in an increase
of the precession speed (so also its frequency) and, thus, a decrease of the precession
angle. For ϕ= 270◦, however, the in-plane STT acting antiparallel to the field torque
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brings about a decrease of the precession speed (and the frequency), leading to an in-
crease of the magnetization precession angle. This eventually leads to a tilting of the
precession cone towards the −y direction. By analogy, at the negative applied fields,
the precession cone tilts towards the +y direction.
In the area where the analytical lines define the stability region of the AP state
(dash-dot lines), both the mx and my components are non-zero (see Fig. 4.4(a) and (b),
respectively). Moreover, according to the corresponding dynamical diagram (shown
in Fig. 4.3), there are no out-of-plane dynamics in the region exactly at the dash-dot
lines. All these arguments lead us to the conclusion that, between the stability area of
the AP state and the area of OOP steady-state precession, there is a transition region of
the static canted state, where the magnetization is tilted from the −x direction towards
y-axis.
Fig. 4.4(c) shows the average magnetization components along the z-axis. The blue
and red regions indicate the presence of static out-of-plane states in the system (i.e., for
〈mz〉 = −1 and 〈mz〉 = +1, respectively), which can be also defined with the analyt-
ical solution for the onset current for dynamics (solid lines), according to eq. 4.8. This
means that, before entering the dynamical regions (coloured areas), i.e. for currents be-
low the onset current for dynamics, the magnetization is stabilized along the direction
of the applied field. The area where these two stability regions overlap is character-
ized by various static states (see "degenerate state" in Fig. 4.4(b) and (c)); in particular,
canted states with the magnetization laying in the yz plane (indicated by non-zero 〈my〉
and 〈mz〉 components at negative currents in Fig. 4.4(b) and (c)), or the in-plane P state
(see red points at negative currents in Fig. 4.4(a)). In this region, at each point on
the diagram, a final state depends on the initial position of the magnetization (here, set
as random). Thus, in order to define static states in this area, numerical simulations
with defined initial states should be performed. Since this issue was not a focus of
here-presented studies, it will not be further discussed in this thesis.
4.1.2 Influence of the bias dependence of tunnel magnetoresistance
Out-of-plane dynamics (analytical studies)
Assuming the following linear bias dependence of the resistance difference between
the P and the AP states:
∆R = −∂RAP
∂V
· |V |+ ∆R0 (4.14)
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for the instant angle between the magnetic moments of two layers, the expression
for the voltage across the barrier (eq. 4.3) converts into:
V = IDC
RP +
1
2
∆R0(1−m ·p)
1 + 1
2
|IDC |∂RAP∂V (1−m ·p)
. (4.15)
Taking into account both the angular dependence and the bias dependence of the TMR,
the whole calculation procedure becomes much more complex and not solvable with
the previous approach (i.e., by solving the integral 2.19). Therefore, the LLGS equation
is first expressed with the spherical coordinates:

ϕ̇ = sin θ · ∂ϕ
∂t
= γ
µ0Ms
∂W
∂θ
+ α∂θ
∂t
+
∂τ‖
∂V
V
(
px sinϕ− py cosϕ
)
θ̇ = − sin θ · ∂θ
∂t
= γ
µ0Ms
∂W
∂ϕ
+ αsin θ2 ∂ϕ
∂t
+
∂τ‖
∂V
V
[
sin θ cos θ(px cos θ + py sinϕ)− pzsin θ2
]
(4.16)
where:  ∂W∂θ = −µ0MsBeff ∂m∂θ∂W
∂ϕ
= −µ0MsBeff ∂m∂ϕ
are the energy derivatives with respect to the all degrees of freedom of the system.
In order to find the instability condition, for which the static out-of-plane state becomes
unstable, the following equations must be fulfilled:
tr(J) = ∂ṁϕ
∂ϕ
+ ∂ṁθ
∂θ
< 0
det(J) = ∂ṁϕ
∂ϕ
· ∂ṁθ
∂θ
− ∂ṁθ
∂ϕ
· ∂ṁϕ
∂θ
> 0
(4.17)
Here, J is the Jacobian matrix of the system, i.e. the matrix of the first-order deriva-
tives of function 4.16, and tr and det are the trace and determinant of the Jacobian
matrix, respectively.
Solving the equation 4.16 expressed in the coordinate system shown in Fig. 2.22(a)
leads us to two inequalities consisting of a contradiction equation (having no solution)
and an identity equation (fulfilled for all real numbers). Therefore, in order to make
eq. 4.16 solvable, the coordinate system is rotated in the following way: (x, y, z) →
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(x, z,−y). Now, in the new coordinate system, the precession angle θ is expressed as
(π/2 − θ), while the angle in the sample plane is still defined by ϕ. In this way, the
poles of the previous coordinate system are moved from the positions of the calculation
limits (i.e., positions of θ = 0 and θ = π are moved away from the z-axis), which
enables us to solve eq. 4.17. The equations 4.17 are now expressed as:

∂W
∂θ
= −µ0MsBeff ∂m∂θ = −µ0Ms

0
−(Bext +Bk⊥ sin θ sinϕ)
0


cos θ cosϕ
cos θ sinϕ
− sin θ

= µ0Ms(Bext +Bk⊥ sin θ sinϕ) cos θ sinϕ
∂W
∂ϕ
= −µ0MsBeff ∂m∂ϕ = −µ0Ms

0
−(Bext +Bk⊥ sin θ sinϕ)
0


− sin θ sinϕ
sin θ cosϕ
0

= µ0Ms(Bext +Bk⊥ sin θ sinϕ) sin θ cosϕ
Subsequently, the coordinate system is rotated back to its initial position, shown in
Fig. 2.22(a), according to the following rotation: (x, z,−y) → (x, y, z). Applying the
limits of θ → 0 and θ → π leads us to the final equation for the critical lines defining
the region where static out-of-plane states become unstable:
Bext(θ→0)(IDC) <
∣∣∣ ∂τ‖∂V
α
∆R0 − |IDC |∂RAP∂V RP(
2 + |IDC |∂RAP∂V
)2 IDC − Bk⊥∣∣∣. (4.18)
Including the perpendicular component of the spin-transfer torque (STT⊥) leads to
the following solution:
Bext(θ→0)(IDC) <
∣∣∣ ∂τ‖∂V IDC
α
∆R0 − |IDC |∂RAP∂V RP(
2 + |IDC |∂RAP∂V
)2
+
∂2τ⊥
∂V 2
I2DC
(∆R0(∆R0 + 2RP )(
2 + |IDC |∂RAP∂V
)2 − |IDC |∂RAP∂V
(
∆R0 + 2RP
)2(
2 + |IDC |∂RAP∂V
)3 )− Bk⊥∣∣∣.
(4.19)
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Stable static states (analytical studies)
Similarly to the case where the bias dependence of the resistance is neglected, for
small fields and high currents, one expects STT‖ to stabilize the static AP state in
the free layer. In order to find a solution for the AP state for the case of ∂RAP/∂V > 0,
a similar calculation procedure as one presented in the paragraph "Stable static states"
in section 4.1.1 was used. Only that now, the bias dependence of the resistance is addi-
tionally taken into account by incorporating the condition 4.15 to eq. 4.9. This brings
us to the following inequality:
Bext +
∂τ‖
∂V
IDC
1 + 1
2
|IDC |∂RAP∂V (1− cosωt)
RP +
1
2
∆R0(1− cosωt)
sinωt = 0. (4.20)
Considering that | sinωt| 6 1, leads to:
∣∣∣− Bext∂τ‖
∂V
IDC
1 + 1
2
|IDC |∂RAP∂V (1− cosωt)
RP +
1
2
∆R0(1− cosωt)
∣∣∣ 6 1. (4.21)
Eventually, applying the condition that | cosωt| 6 1 brings us to the final solution
for the static AP state of the hybrid STNO:
Bext(IDC) 6
∣∣∂τ‖
∂V
RP IDC
∣∣. (4.22)
It is worth noting that eq. 4.13 and eq. 4.22 are identical. This means that the analyt-
ical solution for the static AP state remains unchanged compared to the case when the
bias dependence of the resistance is neglected. This indicates that the bias dependence
of the TMR does not influence the stability region of the AP state occurring at zero-
and low applied fields.
Numerical simulations
The analytical solutions for stable out-of-plane dynamics (eq. 4.18) and the static
AP state (eq. 4.22), defining the region of out-of-plane dynamics, are plotted in Fig. 4.5
with solid and dash-dot lines, respectively. Similarly to the results presented in sec-
tion 4.1.1, the critical lines making the onset of dynamics (solid lines) are simultane-
ously the boundaries of the stability regions of static out-of-plane states (dotted areas).
It is, however, worth to remember that the analytical results represent a simplified case,
neglecting the narrow transition area of the static canted state between the regions of
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the AP state and OOP dynamics (i.e., exactly at the dash-dot lines), which results from
the numerical data (see description to Fig. 4.4).
In order to prove that solutions 4.18 and 4.22, indeed, determine the boundaries
of steady-state precession region, the analytical results were double-checked with nu-
merical data. Fig. 4.5 shows consistent results of the analytical calculations (solid and
dash-dot lines) and numerical integration (colour scale representing the magnitude of
dynamics intensity) for the case when the bias dependence of the magnetoresistance is
included. In the simulation, there were used the same parameters as in section 4.1.1
and, additionally, a realistic value of the proportionality constant defining the linear
bias dependence of the TMR, i.e. ∂RAP/∂V = 100 Ω/V .
Figure 4.5: Dynamical phase diagram of an STNO with hybrid geometry for the case
when both the angular dependence of the TMR and the bias dependence of the TMR
are included (∂RAP/∂V = 100 Ω/V ). The diagram shows results of numerical inte-
gration (dynamics occur in the coloured areas) and analytically determined onset cur-
rents (solid lines). The dash-dot lines (see eq. 4.13) defining the stability area of
the static in-plane AP state (striped area) remain unchanged compared to the case when
∂RAP/∂V = 0 Ω/V . The solid lines (see eq. 4.18) are boundaries between the region
of OOP dynamics (coloured areas) and the static OOP state (dotted areas), and ex-
hibit a specific bended shape referring to a gradual quenching of the dynamics with
increasing current for currents above I/I0c = 3.5. Current values, I , are normalized by
I0c , i.e. the current value at the crossing of the critical lines for dynamics for the case
of ∂RAP/∂V = 0 (the crossing point of the solid lines in Fig. 4.3). The magnetic
field Bext is normalized by the effective out-of-plane anisotropy of the free layer (Bk⊥).
Corresponding magnetic configurations of static states are marked with arrows.
4.1 Out-of-plane steady-state precession in hybrid geometry STNO 123
According to the results shown in Fig. 4.5, for currents between I/I0c = 1 and I/I
0
c = 3.5,
the diagram exhibits a non-linear (quasi-parabolic) increase of the critical current for
dynamics as a function of the applied field, while for currents above I/I0c = 3.5, the bound-
aries of the dynamical region are bending towards each other as a function of the applied
DC current and, finally, cross at I/I0c = 6.5. Consequently, the dynamical area is now
significantly reduced compared to the extended dynamical region presented in Fig. 4.3,
determined for the case when the bias dependence of the resistance is neglected, i.e. for
∂RAP/∂V = 0 Ω/V . Moreover, above a certain current value (here, above I/I0c = 3.5),
any further increase of the magnitude of the DC current leads to a decrease of the dy-
namics intensity, as well as the reduction of the dynamical region (coloured area).
This effect, opposite to the one observed for the case when ∂RAP/∂V = 0 Ω/V (see
Fig. 4.3), is undesirable from the point of view of potential STNO applications. Thus,
the minimization of the ∂RAP/∂V parameter, which is mostly a material parameter of
MTJ stacks, should be one of the priority aspects while designing a final commercial
device, in order to limit the output power loss at large applied currents.
It is worth noting that a similar behaviour (i.e. quenching of the dynamics for large
applied currents) was also observed experimentally in hybrid geometry MgO-based
STNOs, as shown in Fig. 3.26. This issue will be discussed in more detail in the next
section (4.1.3), where it will be additionally demonstrated that, even though the overall
dynamic area is reduced for the case of the realistic TMR bias dependence (i.e., when
∂RAP/∂V ∼ 100 Ω/V ), hybrid geometry STNOs still remain good candidates for
potential applications.
Precession angle
Numerically obtained precession angle, θ, as a function of current and field de-
termined for ∂RAP/∂V ≈ 100 Ω/V is shown in Fig. 4.6. Within the dynamical re-
gions (i.e., corresponding to the colour areas in Fig. 4.5), the precession angle increases
gradually from around 10◦ up to around 85◦, when approaching the stability region of
the AP state (i.e., when moving closer to the white dash-dot lines). Regarding to stable
static states in the system, the stability regions of static OOP states (corresponding to
the dotted areas in Fig. 4.5) are characterized by the precession angle close to 0◦ (purple
region outside the solid lines), while the stability region of static AP state (marked with
the striped area in Fig. 4.5), is represented by the 90◦ angle (dark brown area between
the dash-dot lines).
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Fig. 4.6 clearly shows a slight discrepancy between the analytical solution for stable
OOP dynamics (i.e., solid lines) and the numerical results (colour areas). Namely,
while the solid lines define boundaries of the dynamical region where the precession
angle approaches zero (θ → 0◦), in the numerical data, the precession angle at these
lines reaches already around 30◦. Consequently, the analytically obtained onset fields
for precession, marked with the black solid lines, are underestimated.
Figure 4.6: Average magnetization precession angle θ as a function of the applied cur-
rent and field for the realistic case of ∂RAP/∂V ≈ 100 Ω/V . Analytically determined
stability region of the AP state and the critical lines for dynamics are plotted with
the white dash-dot lines (in agreement with eq. 4.13) and black solid lines (in agree-
ment with eq. 4.18), respectively.
One of the reasons of this discrepancy may be the assumption of a constant pre-
cession angle θ for a given applied current (used in the analytical calculations), since
according to the numerical results (which, in fact, reproduce the magnetization motion
in a more realistic way), the precession angle deviates by around 10◦ when the mag-
netization changes its position from ϕ= 0 to ϕ= π (to be more specific, the precession
cone is tilted towards−x direction). For instance, for the case of ∂RAP/∂V = 100 Ω/V
for I/Ic = 3 and B/Bk⊥ = 0.2, the angle reaches the maximum of 71
◦ close to the AP
state (where the STT‖ opposes the damping torque) and the minimum of 63◦ close to
the P state (where the STT‖ acts like the damping torque), as shown in Fig. 4.7. It is,
then, important noting that the magnetization precession angle plotted in Fig. 4.6 is just
an average value calculated from all instant positions of the magnetization within the
last 2 ns of the simulation.
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Figure 4.7: Variation of the magnetization precession angle versus time for the case of
∂RAP/∂V = 100 Ω/V for I/Ic = 3 and B/Bk⊥ = 0. The local minima reaching 63
◦ and
71◦ correspond to ϕ= 0 (P state) and ϕ= π (AP state), respectively.
The case of a large ∂RAP/∂V parameter
Within the previous paragraphs, the dynamic and static states in hybrid geometry
MgO-MTJs are described for the two cases: the realistic case, where the bias depen-
dence of the TMR is included (for ∂RAP/∂V ∼ 100 Ω/V ), and the ideal case, where
the bias dependence of the resistance is neglected (i.e., in the limit of ∂RAP/∂V → 0).
Now, let us move the ∂RAP/∂V parameter to the hypothetical limit of a large number,
i.e. ∂RAP/∂V ∼ 1000 Ω/V , and use it in equation 4.18 and in the equivalent numerical
simulation.
All three cases are presented in Fig. 4.8. The results of the numerical and analytical
calculations for ∂RAP/∂V = 100 Ω/V and ∂RAP/∂V = 0 Ω/V are recalled for the com-
parison in the first and the second column, respectively. The third column contains
a corresponding dynamical diagram (Fig. 4.8(c)), as well as static in-plane (Fig. 4.8(f)
and (i)) and static out-of-plane diagrams (Fig. 4.8(l)) for ∂RAP/∂V = 1000 Ω/V . Ac-
cording to these diagrams, in the limit of a large ∂RAP/∂V constant, the OOP dynamics
occur for the opposite current sign (represented with coloured area in Fig. 4.8(c)), i.e.
for electrons flowing from the reference to the free layer, favouring the P state. Due to
the change of the current polarity from negative to positive, the gap in the dynamics at
zero- and low fields is now the stability region of the in-plane P state (see the red area
in Fig. 4.8(f)). Similarly to the cases of ∂RAP/∂V = 100 Ω/V and ∂RAP/∂V = 0 Ω/V
(Fig. 4.8(j) and (k), respectively), the static OOP states (red and blue areas in Fig. 4.8(l))
are stabilized outside the dynamical region, while static states in the overlapping area
of the two static OOP states are degenerate.
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Figure 4.8: Dynamic and static diagrams of the STNO with considered geometry for
the case where both the angular and the bias dependencies of TMR are included:
for the realistic case of ∂RAP/∂V ∼ 100Ω/V ((a), (d), (g) and (j)), for the limit of
∂RAP/∂V → 0Ω/V ((b), (e), (h) and (k)), and for the limit of a large ∂RAP/∂V pa-
rameter, ∂RAP/∂V = 1000Ω/V ((c), (f), (i) and (l)). Diagrams show results of numer-
ical integration: colored areas representing dynamics intensity in (a), (b), and (c); red
and blue areas showing the average mx ((d), (e), (f)), my ((g), (h), (i)), and mz ((j), (k),
(l)) components, indicating a presence of given static states. Analytically determined
onset currents for precession are plotted with black solid lines, and analytically deter-
mined borders of stability regions of the in-plane P/AP states are plotted with dash-dot
lines. Current values, I , are normalized by I0c , i.e. the current value at the crossing
of the critical lines for dynamics for the case of ∂RAP/∂V = 0 (the crossing point
of the solid lines in Fig. 4.3). Field values Bext are normalized by the effective out-
of-plane anisotropy Bk⊥ . Corresponding magnetic configurations of static states are
marked with arrows.
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The diagram of the average my component (Fig. 4.8(i)) shows some similarities
compared to the graphs presented in Fig. 4.8(g) and Fig. 4.8(h); i.e., non-zero my com-
ponent in the area of "degenerate static state" (marked in Fig. 4.8(l)), as well as a small
my component in the dynamical region (marked in Fig. 4.8(c)), which indicates a slight
tilt of the magnetization precession cone (see description to Fig. 4.4(b)).
In order to find the reason of the stabilization of dynamics for the opposite current
sign in the limit of a large ∂RAP/∂V constant, the analytical solutions while gradu-
ally increasing ∂RAP/∂V parameter were analyzed. It was found that, in the case of
∂RAP/∂V → 1000 Ω/V , the slope of the bias dependence of the RAP is so steep that
the onset current for precession is already in the voltage range where RAP < RP ,
resulting in a change of the TMR sign from positive to negative (in agreement with
eq. 1.4), which eventually leads to the stabilization of the dynamics for the opposite
current polarity. To make it clear, let us go back to our initial considerations shown
in the scheme in Fig. 2.22, which are based on the assumption that the spin-transfer
torque overcomes the damping on the half of the precession trajectory where the MTJ
resistance is larger (i.e., close to the AP configuration). Namely, for the most com-
mon case of the positive TMR (where RAP > RP ), shown Fig. 2.22(b), STT over-
comes the damping for the m vector approaching the AP state (i.e., dynamics occur for
IDC > 0), while for the case of the negative TMR (where RAP < RP ), STT overcomes
the damping on the other half of the precession trajectory, i.e. close to the P state (where
dynamics occur for IDC < 0).
Since the threshold current for the case of ∂RAP/∂V → 1000 Ω/V is larger that
the current value at which the TMR changes its sign from positive to negative (i.e.,
dynamics occur only in the range where TMR < 0), the analytical and numerical re-
sults simultaneously represent the general case of negative tunnel magnetoresistance.
Note that negative TMR was observed in real magnetic tunnel junctions with specific
compositions, like, for instance, in TMR multilayers with Al2O3 tunnel barriers and
LSMO and a transition metal as ferromagnetic electrodes [78, 145] (as described in
section 2.2.2.3).
Frequency tunability
Fig. 4.9 shows how the bias dependence of the resistance influences the frequency
tunability of the considered STNO geometry. The upper panels (Fig. 4.9(a), (b), and
(c)) present frequency tunability with the applied current, as well as the STNO dynam-
ics intensity ((mx(t) − 〈mx〉)RMS) versus current, for different values of ∂RAP/∂V
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at the constant field of B/Bk⊥ = 0.5. In all three cases, we observe a decrease of
the oscillation frequency with increasing applied current, corresponding to the region
of increasing dynamics intensity as a function of current (see (mx(t)−〈mx〉)RMS versus
current plots). Only in the case of ∂RAP/∂V ∼ 100 Ω/V (Fig. 4.9(b)), which repre-
sents the most realistic TMR bias dependence, we observe an increase of the frequency
with increasing current in the region where dynamics are being gradually suppressed
due to the TMR bias dependence (see corresponding decrease in the dynamics intensity
in (mx(t)− 〈mx〉)RMS versus current plots).
Figure 4.9: Frequency tunability with applied current (upper plots), and correspond-
ing dynamics intensity versus current (bottom plots) for: (a) ∂RAP/∂V = 0 Ω/V ,
(b) ∂RAP/∂V ∼ 100 Ω/V , and (c) ∂RAP/∂V ∼ 1000 Ω/V . Frequency tunabil-
ity with applied field (upper plots) and corresponding dynamics intensity versus field
(bottom plots) for: (d) ∂RAP/∂V = 0 Ω/V , (e) ∂RAP/∂V ∼ 100 Ω/V , and (f)
∂RAP/∂V ∼ 1000 Ω/V .
According to Fig. 4.9(a) and (b), the lower dynamics intensity for ∂RAP/∂V ∼
100 Ω/V compared to the ideal case of ∂RAP/∂V = 0 Ω/V goes along with two times
lower frequency tunability (i.e., 2 GHz / I0c compared to 4 GHz / I
0
c ). The dynamics
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intensity and the tunability for the cases of ∂RAP/∂V = 0 Ω/V and ∂RAP/∂V ∼
1000 Ω/V (Fig. 4.9(a) and (c)) are similar.
The bottom panels in Fig. 4.9 ((d), (e), and (f)) shows the frequency tunability with
the applied field, and equivalent STNO dynamics intensity versus field for different
values of ∂RAP/∂V , at the constant applied current (3.8 Ic for ∂RAP/∂V = 0 Ω/V
and ∂RAP/∂V ∼ 100 Ω/V , and -2.5 Ic for ∂RAP/∂V ∼ 1000 Ω/V ; note that for
the case of negative TMR, i.e. for ∂RP/∂V ∼ 1000 Ω/V , dynamics occur for the op-
posite current direction, as mentioned above). In the range of high dynamics intensity
((mx(t) − 〈mx〉)RMS > 0.5), all three cases (Fig. 4.9(d), (e), and (f)) are character-
ized by similar frequency tunabilities (around 10 GHz / Bk⊥ , where Bk⊥ is the effective
out-of-plane anisotropy of the free layer).
Influence of STNO parameters
Fig. 4.13 shows how the magnitude of ∂RAP/∂V constant influences the critical
lines for STNO dynamics. For the case of ∂RAP/∂V = 0 (black lines), the dynami-
cal region (i.e., a triangular area in the region between the lines at the positive cur-
rent range) is the largest. An increase of the ∂RAP/∂V up to around 100 Ω/V (see
blue lines) brings about a significant decrease of the dynamical region. A further
increase of the ∂RAP/∂V constant results in a decay of dynamics (see red lines for
∂RAP/∂V = 300 Ω/V ), and eventually leads to an appearance of a dynamical region at
the positive current range (see dashed lines for ∂RAP/∂V = 1000 Ω/V ).
The influence of parameters other than ∂RAP/∂V on the critical lines of the STNO
diagram is shown in Fig. 4.11. We consider the following parameters: the resistance dif-
ference between AP and P states (∆R), the resistance of the P state (RP ), the damping
constant (α), and the effective out-of-plane anisotropy (Bk⊥). As shown in Fig. 4.11,
by changing the magnitudes of these parameters, one can tune the critical currents for
dynamics at given applied fields (i.e., by decreasing α and/or Bk⊥ , and/or by increasing
∆R) or broaden the operation field range (i.e., by decreasing α and/or Bk⊥ , and/or RP ,
and/or by increasing ∆R).
It is worth noting, that magnitudes of these parameters, including the ∂RAP/∂V
constant, play a key role in sustaining OOP dynamics at all. For instance, according
to Fig. 4.10 and Fig. 4.11, for used set of parameters, the dynamical region at positive
current range dissapears (i.e., the critical lines do not cross anymore at the positive cur-
rent range) once one of the following conditions is fulfilled: ∂RAP/∂V > 300 Ω/V ,
RP > 270 Ω, α > 0.007, Bk⊥ > 160mT or ∆R < 90 Ω.
130 4. Numerical and analytical calculations
Figure 4.10: The critical lines for STNO dynamics (see eq. 4.18) for different values of
the ∂RAP/∂V constant.
Figure 4.11: Change in the critical lines for STNO dynamics (see eq. 4.18) when chang-
ing the following parameters: (a) the resistance difference between the P and AP states
(∆R), (b) the resistance of the P state (RP ), (c) the damping constant (α), (d) and
the effective out-of-plane anisotropy (Bk⊥). Current values, I , are normalized by I
0
c ,
i.e. the current value at the crossing of the critical lines for dynamics for the case of
∂RAP/∂V = 0 (the crossing point of the solid lines in Fig. 4.3). In the graphs (a), (b)
and (c), field values B are normalized by the assumed effective out-of-plane anisotropy
Bk⊥ = 120mT . The critical lines for the stability of the static in-plane states (marked
with dash-dot lines) are influenced only by the RP parameter, as shown in (b).
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STT angular asymmetry
The intensity of dynamics of the STNO is directly proportional to the skewness
of the angular dependence of the in-plane STT component, STT‖: namely, the larger
the deviation from the sine-type function, the more power is pumped into the sys-
tem though more effective overcoming the damping torque. Indeed, higher asymmetry
of the STT‖ angular dependence results in a larger magnetization precession angle θ,
which the STNO output power is directly proportional to. According to the LLGS equa-
tion (4.2), the magnitude of the in-plane spin-transfer torque is a sine-type function of
the angle β between the magnetizations of the two ferromagnetic layers in the system.
However, including the angular and the bias dependence of the TMR leads to the fol-
lowing expression for STT‖:
STT‖(β) =
∂τ‖
∂V
IDC
RP +
1
2
∆R0(1− cos β)
1 + 1
2
|IDC |∂RAP∂V (1− cos β)
sin β. (4.23)
The angular dependence of the in-plane STT term for an applied current of IDC =
1.5 · I0c is presented in Fig. 4.12. The black line for ∂RAP/∂V = 0 Ω/V exhibits
the intrinsic spin-transfer torque asymmetry with the maximum torque at a relative
angle of 102◦, arising solely from the cosine dependence of the resistance, when ex-
periments are conducted at a constant applied current and the in-plane STT scales as
the corresponding voltage. For this particular case, we can be observe the highest asym-
metry, which, according to Fig. 4.10 (see black critical lines), corresponds to the lowest
critical currents for dynamics for ∂RAP/∂V = 0 Ω/V .
Increasing the value of ∂RAP/∂V to 100 Ω/V and 300 Ω/V (see the blue and red
lines in Fig. 4.10) shifts the maximum of STT‖ closer to 90◦ (i.e., 98◦ and 88◦, respec-
tively). Indeed, increasing ∂RAP/∂V reduces the TMR amplitude at the considered
applied bias and, hence, counteracts the amplitude of the cosine-type oscillations of
the resistance as a function of the angle β between the two magnetizations in the MTJ,
thereby decreasing the spin-torque asymmetry. For used set of parameters, the asym-
metry disappears for ∂RAP/∂V = 330 Ω/V at IDC = 1.5 · I0c . It is also worth
noting, that the inclusion of the bias dependence of TMR results in the reduction of
the STT‖ angular dependence asymmetry and, simultaneously, brings about a decrease
of the dynamical area in the current versus field phase diagram (see the blue lines for
∂RAP/∂V = 100 Ω/V in Fig. 4.10).
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Figure 4.12: The in-plane STT component (STT‖) as a function of the angle between
magnetizations of the free and the reference layers (β) for an applied current of IDC =
1.5 · I0c and different values of ∂RAP/∂V . Both the angular and the bias dependencies
of the TMR are included.
Further increase of the ∂RAP/∂V constant eventually leads to the total cancellation
of the asymmetry (see a symmetric sine function for ∂RAP/∂V ≈ 300 Ω/V in Fig. 4.12,
and corresponding critical lines for dynamics in Fig. 4.10). When ∂RAP/∂V is so large
that the TMR becomes negative for the considered current range (i.e., RP is larger
than RAP for currents above the onset current for precession), we can observe that
the maximum of STT‖ shifts towards the parallel orientation of magnetization vectors
(i.e., towards β = 0 ◦; see the dashed line in Fig. 4.12). This results in an opening of
the precession angle θ close to the parallel configuration, not to the antiparallel one (as
shown in Fig. 2.22(b)), which results in a presence of the OOP dynamics at the negative
current range (see dashed critical lines for dynamics in Fig. 4.10).
Similar considerations explain the trends observed when analyzing the spin-torque
angular dependence for fixed ∂RAP/∂V (in this case, for 100 Ω/V ) and different values
of the applied current; namely, a shift of the maximum from 99◦ to 94◦, corresponding
to the current increase from I/I0c = 1.3 to I/I
0
c = 3.8, see Fig. 4.13. Indeed, one can
observe an increase of the magnitude of STT‖ with the applied bias (in agreement with
eq. 4.1), coupled with a decrease of the STT‖(β) asymmetry caused by the reduction
of the TMR as the electrical bias is increased. Consequently, an increase of the driving
current of the STNO brings an enhancement of the output power up to certain current
value, as the precession angle is increased (reaching a maximum of 0.65 at I/I0c = 3.4
according to Fig. 4.5). Above this particular current value, the loss of TMR and asym-
metry of STT‖(β) become more relevant than the increase of the input power, leading
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to a decrease of the precession angle and, finally, the suppression of the dynamics at
I/I0c = 6.3.
Figure 4.13: The in-plane component of the spin-transfer torque, STT‖, as a function
of the angle β between magnetizations of the free and reference layers (obtained using
eq. 4.23) for different values of the DC current and ∂RAP/∂V = 100 Ω/V . Increasing
applied current results in an increase of the STT‖ magnitude, but simultaneously a re-
duction of the asymmetry of the STT‖(β) function. Current values, I , are normalized
by I0c , i.e. the current value at the crossing of the critical lines for dynamics for the case
of ∂RAP/∂V = 0 (the crossing point of the solid lines in Fig. 4.3).
4.1.3 Comparison with the experimental data
This paragraph contains a comparison between experimentally and theoretically ob-
tained data on spin-transfer driven dynamics in hybrid geometry MgO-based MTJs.
In particular, the main focus is put on the presence of an experimentally observed un-
usual, but reproducible, curvature of the critical lines on the current-field phase diagram
enclosing the region of steady-state dynamics (see Fig. 3.26) which has never been re-
ported in similar metallic- or MTJ-based devices. In theoretical studies presented in
section 4.1, the angular dependence of the TMR [98, 105, 107] (eq. 4.3) and the volt-
age dependent in-plane component of spin-transfer torque [55, 64, 125] (eq. 2.17) are
incorporated into the LLGS equation (eq. 4.2), and it is found that the angular depen-
dence of the resistance in MTJs, alone, introduces an asymmetry in STT‖ and gives rise
to steady-state precession. Moreover, including the bias voltage dependence of the tun-
nel magnetoresistance correctly reproduces the curvature of the regions of steady-state
precession in the experimental phase diagram. Furthermore, the theoretical studies of
the effect of the bias dependence of TMR on STT‖ show that it gradually suppresses
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the induced asymmetry. Therefore, the TMR ratio, as well as its bias dependence,
which are generally not taken into account, are both equally crucial factors governing
the performance of tunnel junction based STNOs.
All the analytical and numerical results presented in this section are obtained for
the following set of parameters: ∂τ‖
∂V
= 0.028T/V , α = 0.005, ∆R0 = 110 Ω, RP =
190 Ω, Bk⊥ = 120mT , and ∂RAP/∂V = 105 Ω/V . The parameters ∆R0, RP and
∂RAP/∂V are determined by experimentally (see experimental data in Fig. 3.15 and
Fig. 3.17), while a‖, α and Bk⊥ are assumed numbers, realistic for this type of devices.
For the comparison with theoretical data, the measurement results obtained from
the representative sample "A10" with the elliptical (250× 50)nm nano-pillar cross-
section with the stack composition shown in Fig. 3.3(c) were used. Note, that most
of the experimental data presented in section 3.3.2.1 are taken for this particular junc-
tion.
The experimental phase diagram of observed dynamics as a function of the applied
field, µ0Hext, and current, IDC , is shown in Fig. 4.14(a). The colour code represents
the output power integrated over the whole frequency spectrum. The maximum out-
put power is approximately 55 nW (obtained for µ0Hext = 7 mT and IDC = 1.9 mA).
A clear curvature can be seen at the boundary of the regions of high power steady-
state dynamics, denoted with the dashed white line. At low currents, this curvature
is quasi-parabolic with increasing external field. Above 2.0 mA dynamics are gradu-
ally quenched, and, by extrapolation, assumed to have totally decayed above 2.7 mA.
The maximum applied current of 2.5 mA corresponds to a voltage of 0.775 V (which,
for the AP state is slightly lower than the breakdown voltage of the device, ∼ 0.8 V).
Magnetoresistance curves were recorded simultaneously with the microwave emis-
sion. This allowed to monitor the time-averaged static resistance, R, which is propor-
tional to the projection of the free layer magnetization on the reference layer, as shown
in Fig. 4.14(b). The change in resistance, ∆R′, is defined at a given current with re-
spect to the resistance at the same field when using a small probe current which does
not stimulate dynamics (∆R′ |µ0Hext= R(IDC) − R(0.5mA)). In this way, the value
of ∆R′ is directly proportional to the average mx component of the magnetization. For
field values close to zero, the spin-torque stabilizes the static AP state. Note that, ac-
cording to panels (a) and (b) in Fig. 4.14, magnetization dynamics are only observable
in the presence of finite external fields.
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Figure 4.14: Experimentally ((a) and (b)) and numerically ((c) and (d)) obtained static
and dynamic phase diagrams of a typical nano-oscillator sample. (a), Measured out-
put power of the STNO as a function of the applied DC current, IDC , and field, µ0Hext.
The white dashed line is a guide to the eye denoting the strong curvature around the high
power region which appears for currents above 2.0 mA. (b), Time-averaged projection
of the free layer magnetization along the reference layer magnetization, mx, as a func-
tion of IDC and µ0Hext determined from static resistance measurements (note that data
in (a) is recorded simultaneously with (b)). The static in-plane AP state (black region)
is stabilized for currents above 2.0 mA. (c), Computed dynamics intensity of the STNO
along x-axis as a function of IDC and µ0Hext taking into account a linear dependence
of TMR on the applied bias voltage (where ∂RAP/∂V = 105Ω/V ). Solid lines show
analytically determined critical currents for dynamics and dash lines show boundaries
of the static in-plane AP state. The linear bias dependence of the TMR, defined with
∂RAP/∂V , is responsible for the curvature of the critical lines. A gradual quenching of
dynamics above 2.2 mA is observed with complete suppression of spin-transfer induced
dynamics above 3.5 mA. (d), Numerically obtained average mx component as a func-
tion of IDC and µ0Hext, determining the stability region of the static in-plane AP state.
Dashed lines show analytically determined boundaries of the static in-plane AP state.
The analytical and numerical results of (c) and (d) are consistent with experimental data
shown in (a) and (b).
136 4. Numerical and analytical calculations
Figure 4.15: Frequency characteristics of the STNO device. Experimentally and nu-
merically determined frequency and output power of the STNO device at µ0Hext =
30 mT. Experimentally measured frequency and the linewidth (a), and integrated power
(c) of the STNO as a function of IDC . Numerically determined frequency (b), and
dynamics intensity (d) as a function of IDC . Qualitatively, an initial rapid decrease in
frequency is followed by a region of steady output power and frequency, and, finally a
quenching of the output power and an increase of the frequency due to the suppression
of the spin-transfer torque asymmetry.
Analytical solutions are plotted as solid lines and dashed lines in Fig. 4.14(c), cor-
responding to the dynamical region (eq. 4.18) and the region of stability of the in-plane
AP state (eq. 4.13), respectively. The average mx component of the magnetization,
obtained numerically, is plotted as a colour scale in Fig. 4.14(d), along with the ana-
lytical critical lines for the static AP states (mx = −1 corresponds to the AP state).
As in the experiment, stable dynamics occur only when electrons flow from the free to
the reference layer. For currents up to around 2.2 mA, the critical current for dynam-
ics scales quasi-parabolically with the external field (Fig. 4.15(a)). However, above
this value the region of precession turns back in on itself and dynamics are gradually
quenched. Complete suppression of dynamics is achieved for currents above 3.5 mA.
While a strict circular cross section was assumed for these analytical calculations, nu-
merical simulations presented in section 4.2 will show that the curvature of the critical
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lines is hardly affected by varying the shape of the free layer. Moreover, main features
of the diagram, like the curvature of the dynamical region and the stability of static AP
state at zero field, also remain similar.
Further comparison can be made between experiment and numerical results by an-
alyzing the expected precession frequency and output power variation with the applied
current. The measured frequency and output power as a function of IDC at µ0Hext
= 30 mT are shown in Fig. 4.15(a) and 4.15(c). Numerically obtained frequency and
values of (mx(t)− 〈mx〉)RMS are shown in Fig. 4.15(b) and 4.15(d).
For this field, the first signal is detected at 0.075 mA, at 1.6 GHz, corresponding
to an estimated precession angle of 46◦ (see Fig. 4.6). The frequency decreases with
increasing current, reaching a minimum of 0.7 GHz at 1.5 mA, and then starts to in-
crease again with a different slope. The linewidth initially decreases with the current,
up to about 0.75 mA (see Fig. 4.15(a)). This is expected, since the spin-torque opposes
the damping. At higher currents, the linewidth increases, reflecting the increasingly
inhomogeneous dynamics in the system, also obvious in the increasing 1/f tail shown
in Fig. 3.22. The maximum linewidth is reached at 1.4 mA, where the estimated pre-
cession angle becomes larger than 90◦ (explained below). The output power reaches
a maximum at 2 mA, above which the output power is visibly quenched.
The results of macrospin simulation, shown in Fig. 4.15, qualitatively agrees with
the experiment. Nevertheless, while it explains the change of slope in the frequency
and general output power versus current dependence, it has to be pointed out that
the minimum frequency and maximum output power are reached at the same current
in the simulation (2.25 mA). This is not the case in the experiment, further confirming
the breakdown of the macrospin approximation under large applied currents.
Precession angle
Fig. 4.16 shows the numerically determined average magnetization precession angle
θ as a function of the applied current and field for the considered set of parameters (see
figure caption). According to this graph, within the dynamical areas, the precession
angle increases gradually from around 30◦ (at the analytically determined critical lines
for dynamics) up to 64◦ (for the current of 1.76 mA and the field of ±8 mT). The angle
goes rapidly to 90◦ when entering the stability region of the AP state (see the dark
brown area between the analytical dash-dot lines), and remains zero outside the region
of OOP dynamics (see the purple area).
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Figure 4.16: Average magnetization precession angle θ as a function of the applied
current and field for the considered set of parameters: ∂τ‖
∂V
= 0.028T/V , α = 0.005,
∆R0 = 110 Ω, RP = 190 Ω, Bk⊥ = 120mT , and ∂RAP/∂V = 105 Ω/V . Analytically
determined stability region of the AP state and the critical lines for dynamics are plot-
ted with dash-dot lines (according to eq. 4.13) and solid lines (according to eq. 4.18),
respectively.
Using the experimentally measured frequency f as a function of IDC , shown in
Fig. 4.15(a), the magnetization precession angle can be estimated from:
θ = arccos
( 2πfγ − Bext
Bk⊥
)
. (4.24)
Here, f is the precession frequency, γ = 1.76 · 1011 rad
sT
is the gyromagnetic ratio,
Bext = 30mT is the external field, and Bk⊥ = 40mT is the effective out-of-plane
anisotropy determined from the experimental data (see the magnetoresistance curve in
Fig. 3.15(b)). The derived angle is plotted in Fig. 4.17. The increase of the angle above
90◦, for IDC > 1.3mA, indicates that the macrospin approximation becomes invalid
and that inhomogeneous precession is excited. This is supported by the increase in 1/f
noise (see Fig. 3.22) indicative of strong incoherent dynamics. It is worth noting that
this behaviour, as well as the linewidth versus current dependence, is similar to the one
exhibited by metallic samples with equivalent geometry [52].
Quantitatively, precession angles obtained numerically (Fig. 4.16) are, in general,
smaller than the angles calculated using the experimental data (Fig. 3.22). This discra-
pancy results from a difference between calculated precession frequencies (i.e., higher
frequencies, up to 4.2 GHz, corresponding to smaller precession angles) and measured
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signal frequencies (i.e., lower frequencies, up to 1.8 GHz, corresponding to larger pre-
cession angles), as shown in Fig. 4.15(a) and (b). Such a discrapancy between fre-
quencies is, most of all, caused by the difference between the effective out-of-plane
anisotropy assumed in calculations (which is Bk⊥ = 120mT ) and the anisotropy es-
timated using the experimental data (Bk⊥ = 40mT ). Nevertheless, both numerically
and experimentally determined precession angles scales similarly with the current for
a given applied field, thus enabling us to make a good enough qualitative comparison
between theoretical and experimental data.
Figure 4.17: Precession angle versus current for the applied field of 30 mT. As the cur-
rent is increased, the angle calculated from the output frequency increases and reaches
(and goes beyond) 90◦. This implies that the macrospin approximation is not strictly
valid at large applied currents. The conclusion is supported by Fig. 3.22.
4.1.4 Comparison with the GMR-type counterpart
In order to estimate the spin-transfer torque efficiency of the considered STNO, let
us go back to the angular dependence of STT‖ expressed with eq. 4.23. Fig. 4.18
shows the STT‖(β) function for the experimental device parameters used in our cal-
culations (solid black line). The resulting torque displays an asymmetry around 90◦,
which allows for a net torque to be applied to m over one precession cycle. As al-
ready mentioned, the degree of asymmetry is affected strongly by both ∂RAP/∂V and
IDC (see Fig. 4.13). Higher angular asymmetry of STT‖(β) results in a larger net
torque, which competes with damping to sustain precession. Larger net torque yields
a larger magnetization precession angle θ, which is directly proportional to the output
140 4. Numerical and analytical calculations
power of the STNO device. With this in mind, one can determine the net torque over
the single period of the oscillations for the precession angle θ = 45◦ around the z-axis
(i.e., 45◦ < β < 135◦, the shaded region in Fig. 4.18). This is done by taking the differ-
ence of the integrated areas between 45◦ – 90◦ and 90◦ – 135◦, and finally subtracting
the damping torque. This then allows the determination of the theoretical efficiency of
STT-driven precession, expressed in units of mT/mA.
Figure 4.18: The in-plane component of the spin-transfer torque (STT‖/IDC) as func-
tion of β, i.e. the angle between magnetizations of the free and reference layers.
The black solid line is obtained using the parameters of the experimentally investi-
gated MTJ. The red line corresponds to what is expected for a device with an increased
TMR ratio of 120%. The dashed line represents the case of a metallic spin valve (us-
ing STTGMR‖ , as described in ref. [52] with λ = 1.5). The corresponding spin-torque
efficiencies (expressed in mT/mA) are calculated using the net torque over one preces-
sion period. A circular trajectory is assumed with an angle of 45◦ about the z-axis.
The resulting angle variation over one period is indicated with the shaded region.
For the here-presented device, the experimentally obtained efficiency is equal to
52 mT/mA. As a comparison to metallic systems, there is also plotted the angular de-
pendence of STTGMR‖ (for the asymmetry factor λ = 1.5 [52]) for the same magnetic
free layer, which yields an efficiency of 163 mT/mA (black dashed line). It can be seen
that the efficiency of the presented MTJ device compares well to that of the metal-
lic system, without the need for high applied currents or large out-of-plane magnetic
fields. Equation 4.23 also allows us to check the effect of an increased TMR ratio on
the angular dependence of STT‖. The red line in Fig. 4.18 corresponds to a device with
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the TMR = 120% (∆R = 228 Ω). This value is within the reported range for MgO-based
MTJs [23], and results in an increased efficiency of 165 mT/mA.
Moreover, in comparison to metallic systems, tunnel junction systems have much
larger power conversion ratios, i.e. efficiency of the respective STNO, expressed as
the ratio of the output power to the input power Pout/Pin. Let us assume the resistance
of GMR multilayers to be ≈ 10 Ω, the resistance of magnetic tunnel junctions to be
≈ 100 Ω, and the operation DC currents of ≈ 10mA and ≈ 1mA, respectively. Then,
one can obtain following input powers of these STNOs:
PGMRin = R · I2DC = 10 Ω · (10−2 A)2 = 10 Ω · 10−4 A2 = 10−3 W, (4.25)
P TMRin = R · I2DC = 102 Ω · 10−3 A
2
= 102 Ω · 10−6 A2 = 10−4 W. (4.26)
According to the literature, the output power of STNOs with the considered hybrid
geometry is of the order of nW for fully metallic structures [52], and of the order of
µW for MgO-based systems (up to 2µW [51, 54]). Thus, the power conversion ratio is
following:
PGMRout
PGMRin
=
10−9 W
10−3W
= 10−6, (4.27)
P TMRout
P TMRin
=
10−6 W
10−4W
= 10−2. (4.28)
Consequently, the power conversion of GMR multilayers is four orders of magni-
tude smaller compared to STNOs consisting of MgO-based magnetic tunnel junctions.
4.1.5 Summary
Section 4.1 contains the results of numerical and analytical calculations, which prove
that the bias and angular dependencies of the magnetoresistance ratio in tunnel junc-
tions play a significant role in spin-transfer driven magnetization dynamics in the con-
sidered hybrid geometry STNOs. The angular dependence of the resistance difference
between the parallel and antiparallel states introduces an angular asymmetry for the in-
plane spin transfer torque parameter STT‖ which helps maintain steady-state preces-
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sion. The bias dependence of the resistance works to reduce this asymmetry. These
two mechanisms, in contrast to fully metallic systems, allow us to tune the asymmetry
in STT‖ as a function of current and to control the dynamical response of these devices.
The analytical model presented in section 4.1 reproduces the experimental findings
(see section 3.3.2), including the curvature of the critical lines for dynamics, unique to
magnetic tunnel junctions. It also allows us to make predictions for the device param-
eters which should be optimized in order to fast-track the exploitation of these devices
as microwave transmitters and receivers. The bias dependence of the antiparallel state
is not so readily tunable, however it has been shown to depend on the barrier proper-
ties [120]. As also mentioned in section 2.2.3, symmetric or asymmetric broken-linear
TMR bias dependence can be caused by inelastic scattering, asymmetry of elastic tun-
nelling which reflects the difference in degrees of disorder, or dislocation density at
the two barrier interfaces, first-order dependence of state density on energy, symmetry
of distribution of inelastic tunnelling centres or a combination thereof. However, the as-
sumption of a linear in-plane spin-torque bias dependence is only valid in the first two
cases. Therefore, future research should aim at optimizing the barrier of MgO-based
tunnel junctions not just for large TMR, but also to control the type of induced defects
in order to limit the TMR bias dependence.
4.2 Zero-field dynamics in hybrid geometry STNO sta-
bilized by in-plane shape anisotropy
In terms of prospective applications, it is desirable that STNOs function without the need
of external fields. For hybrid geometry MTJs, there are no current-driven dynamics at
zero applied field [58, 65]; however, it has been recently theoretically demonstrated
that for STT‖
STT⊥
< 0 (in particular, for STT‖
STT⊥
= −0.1), the perpendicular STT compo-
nent may bring about the stabilization of dynamics at zero field [66, 67]. However,
this has not been experimentally proved and, so far, zero-field dynamics have only
been observed for hybrid geometry MTJs having the free layer magnetization slightly
tilted from the normal to the plane, which has usually been achieved by introducing
an in-plane shape anisotropy of the MTJ nano-pillars [33, 53, 61]. Therefore, in pre-
sented here theoretical studies on zero-field oscillations, the perpendicular component
of the spin-transfer torque is neglected (i.e., ∂2τ⊥/∂V 2 = 0T/V 2).
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In this chapter, it is demonstrated that introducing an additional in-plane anisotropy
for the free layer of hybrid geometry MgO-based spin torque oscillators (shown in
Fig. 2.22), which tilts the initial magnetization direction from the out-of-plane towards
the sample plane, can lead to out-of-plane magnetization dynamics without the need
of external magnetic fields. The in-plane shape anisotropy is introduced by increasing
an ellipticity of the MTJ nano-pillar cross-section (where the long axis of the ellipse
lies along the x-axis, and the short axis lies along the y-axis, see Fig. 2.22(a)), and its
effect on the field versus current dynamical phase diagram is investigated. According to
obtained numerical results, while increasing the ellipticity, the free layer magnetization
starts tilting towards the in-plane direction (i.e., towards the directions of the long axis
of the ellipse), enabling stable dynamics to occur at zero applied field. Furthermore,
for the case when the in-plane shape anisotropy is significantly larger then the effective
out-of-plane anisotropy, the stabilization of a static in-plane state at zero-field and the
presence of a critical out-of-plane field requisite to sustain magnetization precession
are observed.
4.2.1 Effect of the in-plane shape anisotropy
First, the additional in-plane component of the magnetic anisotropy is included in
the LLGS equation (4.2):
dm
dt
= −γµ0(m×Beff ) + α(m×
dm
dt
) + γ
∂τ‖
∂V
V [m× (m× nx)]. (4.29)
Here, Beff = Bextnz +Bk⊥mznz +Bk‖mxnx) is the effective field consisting of the
external field, Bext, the out-of-plane effective anisotropy, Bk⊥ , and the in-plane shape
anisotropy along the x-axis, Bk‖ .
Then, the equation 4.29 is solved analytically following the approach described in
chapter 4.1, so that the only difference is the introduced effective field component along
the x direction, resulting from the in-plane shape anisotropy (Bk‖mx in eq. 4.29). Im-
posing the limit of small precession angle, i.e. θ → 0 and θ → π, leads to the following
analytical equation defining the region of the out-of-plane steady-state precession:
Bext(θ→0)(IDC) <
∣∣∣ ∂τ‖∂V
α
∆R0 − |IDC |∂RAP∂V RP(
2 + |IDC |∂RAP∂V
)2 IDC − Bk⊥ +Bk‖∣∣∣. (4.30)
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Similarly to the analytical calculations for the circular STNO presented in sec-
tion 4.1, their results were double-checked with the corresponding numerical simu-
lations (additionally including the Bk‖ component). In order to make all numerical data
comparable, the same set of parameters as in section 4.1 were used.
Figure 4.19: Current versus field dynamical phase diagrams: (a) for a circular cross-
section nano-pillar, i.e. for Bk‖ = 0 (dash-dot lines determine the stability region of
static in-plane state, responsible for a gap in the dynamical region), (b) for an elliptical
cross-section nano-pillar, where Bk‖ :Bk⊥ = 1 : 3. Black solid lines show the ana-
lytical solutions determining the region of OOP steady-state precession (see eq. 4.30).
For comparison, grey solid lines in (b) show the analytical solution for the case (a).
Dash-dot lines show the stability region of static IP states (eq. 4.13). Field values are
normalized by the effective out-of-plane anisotropy Bk⊥ . Current values are normal-
ized by I
Bk‖ = 0
c , i.e. the current value at the crossing of the critical lines for dynamics
for the case of circular cross-section nano-pillar (the crossing point of the solid lines in
(a)).
Fig. 4.19(a) shows numerically determined dynamics intensity along x-axis (coloured
area), as a function of the applied field and current, performed for the case of a circular
cross-section nano-pillar, i.e. with no in-plane anisotropy component (Bk‖ = 0mT ).
As already explained in section 4.1, the onset current for dynamics initially increases
quasi-parabolically with increasing applied field. Above a certain current value (here,
for IDC = 3 · I
Bk‖=0
c ), we observe a quenching of STNO dynamics and reduction of
the dynamical region, which directly results from the TMR bias dependence. The ana-
lytical solution defining the area of out-of-plane dynamics (see eq. 4.30) is plotted with
black solid lines, while the analytical solution for the static in-plane state (see eq. 4.13)
is marked with dash-dot lines.
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Figure 4.20: Dynamical phase diagrams for different Bk‖ :Bk⊥ (i.e., "in-plane
anisotropy" : "out-of-plane anisotropy") ratios: (a) 0:1, (b) 1:3, (c) 2:3, (d) 1:1, and
(e) 4:3. First row: projection of the magnetization precession trajectory on the xy
plane for a DC current of I/I
Bk‖=0
c0 = 2.3, and the applied field of Bext/Bk⊥ = 0.36
(marked with white stars on the dynamical phase diagrams in the second and the third
rows). Second row: corresponding phase diagrams showing the dynamics intensity
along the x direction (translating directly into the output power of the STNO device).
Third row: corresponding phase diagrams of the dynamics intensity along the y di-
rection (i.e., in-plane direction perpendicular to the porization direction). Last row:
corresponding phase diagrams of the static in-plane state (average magnetization along
the x direction); the region of 〈mx〉 = −1 represents the static in-plane AP state. Field
values are normalized by the effective out-of-plane anisotropy Bk⊥ . Current values are
normalized by I
Bk‖ = 0
c , i.e. the current value at the crossing of the critical lines for
dynamics for the case of circular cross-section nano-pillar. Black solid and dash-dot
lines, showing analytical solutions for the circular nano-pillar, are plotted to compare
the case of the circular MTJ (where Bk‖ = 0) with the case of non-zero Bk‖ :Bk⊥ ratios.
The current versus field dynamical phase diagram for an elliptical cross-section
nano-pillar is shown in Fig. 4.19(b). The ellipticity is defined by Bk‖ :Bk⊥ , which re-
flects the ratio between the in-plane shape anisotropy, Bk‖ , and the effective out-of-
plane anisotropy, Bk⊥ . According to our results, increasing the Bk‖ :Bk⊥ ratio (here, up
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to 1:3) brings about large angle OOP dynamics at zero-field. Namely, the gap in dynam-
ics at zero-field occuring for the circular MTJs (shown in Fig. 4.19(a)) disappears. We
also observe the expansion of the dynamical region along the field axis. As a compari-
son, grey lines show the analytical solution for the first case (Bk‖ = 0), and black solid
lines show the solution for Bk‖ :Bk⊥ = 1 : 3 (in agreement with eq. 4.30), which fits to
the numerically determined region of OOP steady-state dynamics (coloured area).
Fig. 4.20 shows the effect of increasing Bk‖ :Bk⊥ ratio on the areas of stable dy-
namics and static in-plane P/AP states in the system. The graphs in the first row show
projections of the magnetization precession trajectory on the xy plane, for given val-
ues of current and field (see data points marked with the white stars on the dynamical
phase diagrams in the second and the third rows). According to these results, increasing
the Bk‖ :Bk⊥ ratio brings about the change in the shape of the magnetization precession
trajectory from circular (for 0:1 ratio in Fig. 4.20(a)) to more elliptical (for 1:3, 2:3, and
1:1 ratios in Fig. 4.20(b), (c), and (d)) up to trajectories with very large ellipticity (for
the case of Bk‖ > Bk⊥ , i.e. 4:3 ratio in Fig. 4.20(e)).
With increasing Bk‖ :Bk⊥ ratio, we also observe a decrease of the mx component
(see graphs in the first row), which explains the reduction of dynamics intensity along
x-axis (see diagrams in the second row), eventually translating into the loss in the output
power in an actual STNO device. The increased ellipticity of the precession trajectory
with increasing Bk‖ :Bk⊥ ratio also indicates a significant reduction of the dynamics
intensity along the y-axis (see diagrams in the third row). The comparison between
the shapes of the magnetization precession trajectories for different Bk‖ :Bk⊥ ratios is
presented in Fig. 4.21. Fig. 4.21(a) shows concentric projections of the precession
trajectories on the xy plane, where the ellipticity increases with increasing Bk‖ :Bk⊥ ra-
tio. 3-dimentional plots in Fig. 4.21(b) shows the real shapes of the trajectories, which
are transforming from circular to clam-shell-type (see red trajectory) while increasing
the Bk‖ :Bk⊥ ratio from 0:1 to 4:3. This directly shows how the anisotropy energy, aris-
ing from the introduced elliptical shape of the nano-pillar, acts on the magnetization by
pushing it away from the in-plane magnetic hard axis, oriented along the y-axis. More-
over, according to this figure, the instant precession angles, in general, decrease with
increasing Bk‖ :Bk⊥ ratio, which brings about an increase of the precession frequency
(in agreement with data shown in Fig. 4.23(a)). In other words, the presence of the ad-
ditional anisotropy field in the free layer directly translates into an increase of the signal
frequency in an actual STNO device (in agreement with the definition of the Larmor
precession [136, 137], saying that the magnetization precession frequency increases as
4.2 Zero-field dynamics in hybrid geometry STNO stabilized by in-plane shape
anisotropy 147
the magnitude the effective field).
Figure 4.21: Magnetization precession trajectories for different Bk‖ :Bk⊥ ratios (0:1,
1:3, 2:3, 1:1, and 4:3) for the DC current of I/I
Bk‖=0
c0 = 2.3, and the applied field
of Bext/Bk⊥ = 0.36 (marked with white stars on the dynamical phase diagrams in
the second and the third rows in Fig. 4.20): (a) projections on the xy plane, and (b) 3-
dimentional plots. The graphs show a comparison between the trajectories presented in
the first row in Fig. 4.20, starting from the circular projection for the 0:1 ratio. The tra-
jectory corresponding to the largest ratio (i.e., 4:3) is marked in red.
The last row in Fig. 4.20 shows the corresponding averaged magnetizations along
the x-axis, (〈mx〉), where blue and red areas represent the stability regions of the static
antiparallel (〈mx〉 = −1) and parallel (〈mx〉 = +1) states, respectively. For circular
cross-section STNOs (Fig. 4.20(a)), at small applied fields, positive currents stabilize
the static in-plane AP state. In the case of Bk‖ :Bk⊥ = 1 : 3 and Bk‖ :Bk⊥ = 2 : 3,
the in-plane anisotropy is already large enough to stabilize high intensity zero-field
dynamics (see the second row), replacing the area of static in-plane states (see lack
of the AP state stability in the last row). Note that, despite the presence of zero-field
oscillations, the dynamics intensity itself gradually decreases with increasing in-plane
shape anisotropy (see graphs in the second row in Fig. 4.20(b) and (c)). Therefore, from
the point of view of potential applications, the introduced in-plane anisotropy should
be optimized in a way which still enables sustainment of high output power dynamics
of the device.
When Bk‖ = Bk⊥ (i.e., for the 1:1 ratio, shown in Fig. 4.20(d)) or Bk‖ > Bk⊥
(i.e., for the 4:3 ratio, shown in Fig. 4.20(e)), no dynamics are obtained at zero-field
(second row), and the static AP sate is instead stabilized (see last row). We also observe
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the presence of an onset field for out-of-plane dynamics which increases with increasing
Bk‖ :Bk⊥ ratio. The onset field is, in fact, equal to the difference between the two
anisotropies, i.e. Bonset =Bk‖-Bk⊥ . This means that, in the case when Bk‖>Bk⊥ , we
should apply an external out-of-plane field which overcomes of the in-plane anisotropy
and pulls the magnetization towards the OOP direction. Due to the lack of zero-field
dynamics, the case of Bk‖ ≥ Bk⊥ is, in general, not desirable from the point of view of
applications as spin-torque nano-oscillators.
The increase of the dynamical gap at low fields with increasing ellipticity of the MTJ
cross-section was also observed by us experimentally (see Fig. 3.27). Our experimental
phase diagrams exhibit a small gap in dynamics between around +5 mT and -5 mT for
STNOs with (270×90)nm cross-section (corresponding to AR = 3 and the ratio of 1:3,
shown in Fig. 3.27(d), (e), and (f)), while for samples with (250× 50)nm cross-section
(corresponding to AR = 5 and the ration of 1:5, shown in Fig. 3.27(a), (b), and (c)),
the gap increases, covering the region between +10 mT and -10 mT.
4.2.2 Zero-field dynamics
As demonstrated in paragraph 4.2.1, zero-field dynamics in the considered hybrid ge-
ometry STNOs occur only if the ratio of the in-plane to the out-of-plane anisotropy
of the free layer fulfills the following condition: 0 : 1 < Bk‖ :Bk⊥ < 1 : 1 (i.e.,
0 < Bk‖ :Bk⊥ < 1). Fig. 4.22 shows the expansion of the zero-field dynamical region
for the increasing Bk‖ :Bk⊥ ratio. As shown in Fig. 4.22(a), dynamics at zero field are
observed already forBk‖ ∼ 2% ·Bk⊥ , and gradually cover the entire potential operation
current range (i.e., between the crossing points of the critical solid lines at zero-field,
for 1 < I/I
Bk‖=0
c < 5) in the case when Bk‖ ∼ 10% ·Bk⊥ (Fig. 4.22(b), (c), and (d)).
Hence, even a slight ellipticity of the MTJ cross-section, resulting in the in-plane shape
anisotropy of a few percent of the out-of-plane anisotropy, should be already sufficient
to enable zero-field operation of the STNOs. This conclusion is also confirmed by
our experimental data, where the zero-field dynamics were achieved for STNOs with
a slight ellipticity, i.e. for AR = 1.25 (as shown in Fig. 3.36).
The STNO frequency as a function of the applied DC current for 0 < Bk‖ :Bk⊥ < 1
is presented in Fig. 4.23(a). The best frequency tunability versus current for zero-field
dynamics is achieved for the lowest Bk‖ :Bk⊥ ratio (black line); however, the tunability
remains sufficiently good at least up to Bk‖ = 8% ·Bk⊥ (blue line). Regarding to
the dynamics intensity as a function of the applied current, the highest output power is
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observed forBk‖ ∼ 33% ·Bk⊥ (green line in Fig. 4.23(b)). For ratios ofBk‖ :Bk⊥ < 0.1,
the intensity of dynamics decreases with increasing current, but, on the other hand,
reaches relatively high values within the range of low currents. Therefore, in order to
achieve the high frequency tunability of the output signal of STNOs operating at zero-
field, while simultaneously maintaining sufficiently large output powers, a special focus
should be put on the low current range, i.e. just above the critical current for dynamics.
Figure 4.22: STNO dynamical phase diagrams showing the zero-field oscillation region
expanding towards the range of higher currents while increasing the Bk‖ :Bk⊥ ratio.
Dynamical diagrams for the ratios equal to: (a) 0.02, (b) 0.05, (c) 0.08, and (d) 0.10.
Total suppression of the gap in the zero-field dynamics occurs for Bk‖ ∼ 10% ·Bk⊥
(shown in (d)).
Fig. 4.24(a) shows how the maximum operation current for zero-filed dynamics
scales with Bk‖ :Bk⊥ ratio. This linear dependence indicates a potentially simple tun-
ability procedure of the operation current range with the magnitude of the in-plane
shape anisotropy, i.e. solely with the ellipticity of the nano-pillar cross-section.
According to Fig. 4.24(b), showing current versus Bk‖ :Bk⊥ phase diagram of zero-
field dynamics, the magnitude of the maximum current driving dynamics initially in-
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creases with increasing Bk‖ :Bk⊥ ratio up to the Bk‖ :Bk⊥ ∼ 0.5 (1:2), and then de-
creases. Simultaneously, the onset current for dynamics (i.e., the lowest current which
already drives dynamics, I/I
Bk‖=0
c ) slightly decreases from I/I
Bk‖=0
c = 1 forBk‖ :Bk⊥ ∼
0 to I/I
Bk‖=0
c = 0.7 for Bk‖ :Bk⊥ ∼ 0.9. It is worth noting, that the minimization of
the critical current for dynamics, which is desirable from the point of view of appli-
cations, seems to be not that crucial in the optimization process of the STNO device
operating at zero-field, since the decrease of the critical current simultaneously brings
about undesirable decrease of the dynamics intensity (especially for Bk‖ :Bk⊥ > 0.6).
Figure 4.23: Frequency of the output signal and the dynamics intensity at zero-field
as a function of Bk‖ :Bk⊥: (a) frequency versus current showing the best tunability for
Bk‖ < 10%Bk⊥ (0.02, 0.05, 0.08), and (b) dynamics intensity versus current. The high-
est output power over a wide current range is observed for Bk‖ ∼ 33%Bk⊥ (1:3).
Magnetization precession trajectories for ratios in the range of 0 < Bk‖ :Bk⊥ < 1,
and for Bext = 0, I = 1.9 · I
Bk‖=0
c are shown in Fig. 4.25. According to Fig. 4.24(a),
showing the projections of the magnetization trajectory on the xy plane, for cases of
Bk‖ :Bk⊥ < 0.1, the trajectory remains almost circular, while for 0.1 < Bk‖ :Bk⊥ , it be-
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comes more elliptical and exhibits a significant decrease of themx andmy components,
which directly translates into a reduced output power of the device.
Figure 4.24: Operation current at zero-field for different Bk‖ :Bk⊥ ratios: (a) maximum
operation current, Imax, versusBk‖ :Bk⊥ (normalized units of (Imax−Ic)/Ic), (b) current
versus Bk‖ :Bk⊥ dynamical phase diagram. According to (b), the highest current, which
still drives dynamics, is obtained in the range of 0.2 < Bk‖ :Bk⊥ < 0.6. The critical
current for dynamics, Ic, gradually decreases with the increasing Bk‖ :Bk⊥ ratio (from
I/I
Bk‖=0
c = 1 for Bk‖ :Bk⊥ ∼ 0 up to I/I
Bk‖=0
c = 0.7 for Bk‖ :Bk⊥ ∼ 0.9).
Figure 4.25: Magnetization precession trajectories at zero applied field, at the DC cur-
rent of IDC = 1.9 · I
Bk‖=0
c0 , and for ratios in the range of 0 < Bk‖ :Bk⊥ < 1: (a) projec-
tions of trajectories on xy plane, (b) trajectories in xyz space.
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4.2.3 Summary
In chapter 4.2.1, the influence of the in-plane shape anisotropy of the MTJ on zero-
field out-of-plane dynamics in hybrid geometry MgO-based STNOs was analytically
and numerically investigated. As previously reported, no zero-field dynamics for cir-
cular nano-pillars of this particular geometry was observed. According to presented
results, introducing Bk‖ as low as 2% ·Bk⊥ is already sufficient to induce zero-field
oscillations, which persist as long as Bk‖<Bk⊥ . Initially, the oscillations are restricted
to a narrow current range, which increases with the Bk‖ :Bk⊥ ratio, covering the whole
dynamic range for Bk‖ = 10% ·Bk⊥ . The maximum zero-field output power within
the entire operation current range is observed for Bk‖ = 33% ·Bk⊥ . For the ratios of
Bk‖ :Bk⊥ < 10%, the dynamics intensity gradually decreases with increasing current,
but still reaches high values in the small current range. Therefore, in terms of large
output power and frequency tunability, since the best frequency tunability with the cur-
rent at zero-field is achieved for the lowest Bk‖ :Bk⊥ ratios, one should be focused on
the possibly narrowest current range, just above the onset current for precession.
When Bk‖ is equal or larger than Bk⊥ , dynamics are only observed in the pres-
ence of external out-of-plane fields larger than the magnitude of Bk‖ . The field value
requisite to induce oscillations increases when increasing the Bk‖ :Bk⊥ ratio, simulta-
neously resulting in the reduction of the output power. Consequently, the shape of the
STNO cross-section has to be taken into account for applications, especially concern-
ing the presence of zero-field dynamics, the optimization of the operation current range,
and maximization of the output power and the frequency tunability.
5
Conclusions
The focus of this thesis was the study of spin-transfer-driven dynamics in MgO-based
spin-torque nano-oscillators with hybrid geometry (i.e., with an in-plane magnetized
reference layer and a perpendicular-to-plane free layer). Specifically, the two main
issues were experimentally and theoretically investigated: the precession mechanism
(combined with the analysis of the influence of the bias dependence of the tunnel mag-
netoresistance) and the zero-field oscillations stabilized by the in-plane shape anisotropy.
Previous theoretical studies demonstrated that stable precession in hybrid geometry
STNOs can only be sustained if the in-plane component of the spin-transfer torque ex-
hibits an asymmetric dependence on the angle between the free and the polarizing layer.
This is true for fully metallic devices, where for constant applied currents the torque ex-
hibits strong angular asymmetry [63], but not for the MgO-based magnetic tunnel junc-
tions, which do not exhibit an intrinsic asymmetry of the STT‖ component [64]. Never-
theless, recent experimental reports showed that spin-transfer driven dynamics can also
be sustained in MgO-based MTJs with this particular configuration [51, 53–55, 61].
In this thesis (section 4.1), there is suggested a phenomenological and straightforward
mechanism capable of sustaining the dynamics in the considered system, which yields
trends confirming the experimental results presented in section 3.3.2. The mechanism
is based on the fact that, in MgO-based tunnel junctions, the strong cosine-type angular
dependence of the tunnel magnetoresistance (resulting from the high TMR ratio), at
constant applied current, translates into an angle-dependent voltage component. Since
the in-plane STT term depends linearly on the voltage (in agreement with eq. 2.17),
the resulting angle-dependent spin-transfer torque gives rise to the angular asymmetry
of STT‖, thus enabling steady-state precession to be sustained. Moreover, according to
the theoretical studies presented in this thesis, taking into account the bias dependence
of the tunnel magnetoresistance, which has been so far neglected in similar calculations,
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results in a gradual quenching of the dynamics at large applied currents, as shown in
Fig. 4.5 (see the specific curvature of the critical lines making the borders of the re-
gions where steady-state precession is excited). This phenomenon is also observed
experimentally and found a good qualitative agreement with the equivalent numerical
data (see Fig. 4.14). To summarize, according to the results of the numerical and ana-
lytical studies presented in this thesis, while the angular dependence of the tunnel mag-
netoresistance introduces an angular asymmetry for the in-plane spin transfer torque
parameter STT‖ (which helps maintain steady-state precession), the bias dependence
of the resistance works to reduce this asymmetry. Thus, these two mechanisms allow
us to tune the asymmetry of STT‖ as function of current and to control the dynamical
response of the actual device. This analytical model also allows us to make predictions
for the device parameters which should be optimized in order to fast-track the exploita-
tion of these devices as microwave transmitters and receivers, and, most of all, directs
future research towards increasing the tunnel magnetoresistance, but also limiting its
bias dependence.
In terms of potential applications, it is desirable that STNOs function without re-
quiring an external magnetic field. However, for hybrid geometry devices with circu-
lar cross-section (i.e., exhibiting no other anisotropy terms), current-driven dynamics
cannot be excited at zero applied field [58, 65]. Indeed, zero-field oscillations have
only been experimentally observed for systems having the free layer magnetization
slightly tilted from the normal to the plane, which has usually been achieved by in-
troducing an in-plane shape anisotropy [33, 53, 61]. In the thesis, the influence of
the in-plane shape anisotropy of the MTJ on zero-field out-of-plane dynamics in the
hybrid geometry MgO-based STNOs is analytically and numerically investigated. As
previously reported, no zero-field dynamics for circular nano-pillars of this particular
geometry are observed. However, the numerical data shows that an additional in-plane
anisotropy smaller than the effective out-of-plane anisotropy of the free layer enables
zero-field steady-state precession. Accordingly, the lack of an in-plane anisotropy com-
ponent (e.g., for circular cross-section nano-pillars), or the presence of an in-plane
shape anisotropy equal or greater than the out-of-plane effective anisotropy, inhibits
the stabilization of dynamics in the free layer at zero field. The theoretical model
(chapter 4.2) and the general trends identified in the corresponding experimental data
(chapter 3) are found to be in excellent qualitative agreement.
To summarize, the main aspects analyzed this thesis are: the identification of the mech-
anism enabling steady-state precession for hybrid geometry MgO-based STNOs, the anal-
155
ysis of the influence of the TMR bias dependence on STNO dynamics, and the effect
of an additional in-plane shape anisotropy component on stabilizing zero-field dynam-
ics. All these issues are interesting from the point of view of physics itself, but also
crucial in terms of potential industrial applications. I believe that the interpretation,
based on extended analytical, numerical and experimental studies presented in this the-
sis, is a correct description of the principle of operation of the MgO-based spin-torque
nano-oscillators and, in particular, fully clarifies the above-discussed key aspects.

6
Outlook
The continuation of the work presented in this thesis could be the more systematic ex-
perimental study of the influence of the additional in-plane shape anisotropy component
on current versus field dynamical STNO diagram (like diagrams shown in Fig. 3.27).
To this end, the hybrid geometry STNO samples with the variety of ellipticities of
the nano-pillar cross-section should be fabricated and characterized. Moreover, in or-
der to make the experimental data of all STNOs more comparable, the cross-section
area should be fixed (which was not the case for samples presented in the thesis). One
could also try to find a link between the analytical formulas and the experimental data
which would lead to a better quantitative agreement. This would enable a direct use of
the analytical equations for predicting some characteristics of a given sample, such as:
borders of dynamical areas on current-field diagrams, the operation frequency range or
the magnitude of the signal output power.
According to the calculations presented in section 4.1.2 (see paragraph "The case
of a large ∂RAP/∂V parameter"), if the TMR ratio is negative in the usable current,
the out-of-plane dynamics are observed for the opposite current sign (i.e., in the range
of negative current favouring the parallel state). For hybrid geometry MTJs where
the TMR changes sign while changing the current/voltage polarity (like in the case of
in-plane anisotropy Co / STO / LSMO multilayers, see Fig. 2.6), this phenomenon could
potentially lead to out-of-plane dynamics occurring for both current directions (but only
if the positive/negative TMR is observed in the range of current favouring the AP/P
state). Moreover, these two frequency signals would be, most probably, characterized
by different tunabilities, which could be found useful for some specific applications.
Another issue which could be a continuation of this work is an extension of the op-
eration frequency range of hybrid geometry STNOs, which could be achieved by uti-
lization of so-called zero-moment half metals, i.e. ferrimagnets with high magnetic
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anisotropy, high spin polarization and low magnetic moment (such as MnRuGa [146]).
This would lead to the extension of the operation frequency up to the THz range (i.e.,
from 0.3 to 2.0 THz), unavailable so far, thus enabling new functionalities in the field
of highly efficient data transfer, such as remote hospitals, personal security screening
or medical imaging.
A
Appendix
Magnetic anisotropy dependence on the CoFeB free layer thickness
Due to the hybridization of electron orbitals, an OOP anisotropy is created at the MgO-
CoFeB interface (see section 2.2.2.3). In order to obtain an OOP interfacial anisotropy
contribution in the in-plane anisotropy CoFeB layer, the multilayer has to be annealed
at properly high temperature, yielding a recrystallization of CoFeB and MgO layers.
Another goal of annealing is to set an exchange bias in the synthetic antiferromagnet
(see section 3.1). Thus, an optimum temperature has to be found in order to achieve
both effects.
From our colleagues from the AIST, we obtained five MgO-based STNO unpat-
terned wafers, containing extended thin film multilayers shown in Fig. 3.3. These
wafers differ only by the thickness of the CoFeB free layer, which indicates differ-
ent fraction of contributions of the in-plane magnetic anisotropy (i.e., the anisotropy of
dipolar origin which, for extended films, always favours an in-plane easy axis) and the
out-of-plane anisotropy created at the MgO-CoFeB interface. Note that, on the con-
trary to the patterned STNO nano-pillar samples, here, the free layer does not exhibit
an additional in-plane anisotropy resulting from the elliptical shape of nano-pillar cross-
sections. The wafer composition and corresponding layer thicknesses are presented in
Table A.1. The thicknesses of the free layer are the following: 1.3 nm, 1.5 nm, 1.7 nm,
1.9 nm, and 2.2 nm.
The samples have been characterized in terms of a magnetic anisotropy of the free
layer using SQUID (Superconducting Quantum Interference Device) and FMR (Ferro-
magnetic Resonance) techniques. In order to confirm the SQUID results, the wafers
were also measured with the VSM (Vibrating Sample Magnetometer), however, results
are not shown here.
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Wafer ID Si/SiO2 Ta/CuN/Ta/Ru IrMn Co70Fe30 Ru Co20Fe60B20 Ta Co20Fe60B20/Co30Fe70 MgO Co30Fe70/Co20Fe60B20 Ta/Ru
TMR-7359 180 5/20/5/5 7 2.5 0.85 1.2 0.2 1.2/0.4 1 0.2/2 7/7
TMR-7362 180 5/20/5/5 7 2.5 0.85 1.2 0.2 1.2/0.4 1 0.2/1.7 7/7
TMR-7365 180 5/20/5/5 7 2.5 0.85 1.2 0.2 1.2/0.4 1 0.2/1.5 7/7
TMR-7368 180 5/20/5/5 7 2.5 0.85 1.2 0.2 1.2/0.4 1 0.2/1.3 7/7
TMR-7371 180 5/20/5/5 7 2.5 0.85 1.2 0.2 1.2/0.4 1 0.2/1.1 7/7
Table A.1: Composition and layer thicknesses of the AIST wafers. Multilayers differ
by the free layer thickness, which are following: 1.3 nm, 1.5 nm, 1.7 nm, 1.9 nm, and
2.2 nm.
Figure A.1: Magnetization of samples with different free layer thicknesses as a function
of: (a) the in-plane and (b) the out-of-plane applied magnetic field.
Figure A.2: Magnetization of the free layer normalized by its volume, µ0M , as a func-
tion of the in-plane applied field (a), and the saturation magnetization, µ0Ms,versus
the free layer thickness (b).
Fig. A.1(a) shows the magnetization of the free layer in emu units as a function
of the out-of-plane external field. According to these results, none of the layers ex-
hibits fully OOP anisotropy, and, in fact, the OOP direction is a magnetic hard axis
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of the free layer for all samples. This is not surprising, since in extended films there
is a strong contribution from the in-plane anisotropy, which is significantly reduced in
structured nano-pillars. However, magnetic hysteresis loops measured at the in-plane
field (Fig. A.1(b)) indicate a presence of a perfect IP anisotropy only for the samples
with a thickness of the free layer equal to 1.7 nm, 1.9 nm, and 2.2 nm (note also the
+10 mT shift of their hysteresis loops, occurring due to the coupling field from the ad-
jacent SAF structure). As will be explained in the next paragraphs, the samples with
1.3 nm and 1.5 nm thickness exhibit a canted magnetic easy axis. Note that for all
magnetization curves shown in Fig. A.1(a), we observe a further increase of the mag-
netization with increasing applied field above 0.025 T (i.e., outside the hysteresis loop
of the free layer magnetization), which indicates a proceeding reorientation of the SAF
structure from the in-plane to out-of-plane orientation.
Fig. A.2(a) shows magnetization of the free layer normalized by its volume µ0M
(in Tesla units) as a function of the in-plane external field. Extracted values of the sat-
uration magnetization µ0Ms versus the free layer thickness are presented in Fig. A.2
(b). According to these results, the saturation magnetization increases linearly with
increasing layer thickness from around 0.6 T up to 1.5 T, which is a common trend of
transition metal thin films.
Figure A.3: Magnetic anisotropy versus free layer thickness showing a transition from
the in-plane into the out-of-plane effective anisotropy.
By fitting the experimental data of the FMR measurements (i.e., using the Matlab
script written by Dr. Michael Körner and Dr. David Ball; for details see ref. [147,
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148]), we were able to estimated the value of the effective magnetic anisotropy, µ0Hk.
Fig. A.3 shows the obtained magnetic anisotropy as function of the free layer thickness,
dCoFeB . While decreasing the free layer thickness one can observe a linear decrease
of the anisotropy field, and finally transition from the IP to the OOP anisotropy (i.e.,
anisotropy values become negative) at the thickness of around 1.4 nm.
Figure A.4: Ferromagnetic resonance field versus angle between the sample plain and
the direction of the applied field: (a) for all five samples at 14 GHz frequency, (b) for
the sample of 1.3 nm free layer, measured at the 9 GHz frequency at the higher sensi-
tivity setup. The maximum/minimum in the resonance field shows the direction of the
magnetic hard/easy axis.
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Fig. A.4(a) shows the results of the FMR measurements conducted for the 14 GHz
frequency; i.e., the ferromagnetic resonance field versus angle between the sample plain
and the direction of the applied field. The maximum in the resonance field indicates
the direction of the magnetic hard axis, and the minimum shows the location of the easy
axis. According to Fig. A.4(a), all samples, except the one with the 1.3 nm-thick free
layer, exhibit the fully in-plane effective anisotropy.
Since the results for the wafer with 1.3 nm thick free layer did not clearly show
magnetic easy and hard directions of the free layer, we additionally conducted high
sensitivity FMR measurement for 9 GHz frequency using a microwave cavity. The re-
sults are plotted in Fig. A.4(b). The magnetic hard axis occurs in the sample plain (i.e.,
for 0◦ and 180◦), where the maximum in the resonance field is detected. However,
there is also a local maximum pointing out-of-plane, which is another (slightly softer)
magnetic hard axis. The easy axis lies between IP and OOP directions, in particular, it
is tilted by 42◦ from the OOP.
To summarize, the out-of-plane effective anisotropy is observed only in the 1.3 nm-
thick CoFeB free layer. Here, the contribution from the OOP interfacial anisotropy
of the CoFeB-MgO interface is dominant. The magnetization of the free layer, as
an extended film, is tilted from the OOP direction by 42◦. In the case of patterned
nano-pillar, the fact of limited area down to 100-200 nm makes the contribution of
the in-plane anisotropy much smaller, thus the OOP interfacial anisotropy should play
more significant role and push the magnetization even more towards the OOP direction.
On the other hand, an in-plane shape anisotropy resulting from an elliptical shape of
the nano-pillar should push the anisotropy direction slightly back towards the in-plane
x-axis (i.e., along the longer axis of the ellipse). Although the zero-field position of
the free layer magnetization cannot be exactly defined, one should be aware of the fact
that it is just tilted by around 45◦ from the x/z-axis (see Fig. 2.22). This, in particu-
lar, influences the static and dynamical current-field diagrams of spin-torque oscillators
with the considered hybrid geometry.
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